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Editorial

Seedling Production and the Field Performance
of Seedlings

Johanna Riikonen 1,* and Jaana Luoranen 2
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Abstract: The rapid establishment of seedlings in forest regeneration or afforestation sites after
planting is a prerequisite for successful reforestation. The relationship between the quality of the
seedling material and their growth and survival after outplanting has been recognized for decades.
Despite the existence of a substantial amount of information on how to produce high-quality seedlings,
there is still a need to develop practices that can be used in nurseries and at planting sites to be able
to produce well-growing forest stands in ever-changing environments. This Special Issue of Forests is
focused on seedling quality and how it can be manipulated in a nursery as well as how the quality of
the seedlings affects their field performance after planting.

Keywords: cultural practice; field performance; nursery production; seedling quality; tree seedling

1. Use of High Quality Seedlings Is the Basis for Tree Planting Success

Seedling survival after outplanting is a complex process which can be affected by many nursery
and silvicultural practices. The factors contributing to seedling quality have been comprehensively
reviewed by Landis et al. [1] and Grossnickle and MacDonald [2]. Seedling quality can be assessed
by measuring several morphological, physiological and performance attributes, the latter integrating
the morphological and physiological attributes. However, in the end, the limiting factors on the
outplanting site determine the most desirable morphological and physiological seedling attributes
for improving the chances for increased growth and survival after the outplanting [3]. In this Special
Issue, Grossnickle and MacDonald [4] review the historical development of the discipline of seedling
quality, as well as where it is today. Because seedling quality consists of several features, such as the
genetic source, morphological properties, nutritional status, stress resistance and the vitality of the
seedlings, the seedling responses to different nursery practices may be variable in different tree species
and under variable growth conditions [1,5]. In this Special Issue, Pinchot et al. [6] and Pinto et al. [7]
consider the relationship between the initial size of the seedlings and their growth after outplanting.
These studies highlight once more how the responses of the seedlings to different nursery practices are
dependent on plant species and stock type.

The quality and germinability of seeds greatly influence the success of producing healthy and
well-growing seedlings. Germinability and seedling health can be enhanced through different
production methods [8]. In this issue, Kaliniewicz and Tylek [9] found that the quality of pedunculate
oak acorns can be improved by different seed treatments prior to germination. They concluded that
scarification and the elimination of infected acorns significantly increased the germination capacity of
the acorns.

2. New and Existing Challenges along the Seedling Production Chain

Global change and development of technology provide new challenges and opportunities for
influencing processes along the seedling production chain. According to the projections made by
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Intergovernmental Panel on Climate Change [10], the global temperature will increase throughout
the century. The world’s forests play a key role as a carbon sink [11], and therefore, their responses to
climate change may amplify or dampen atmospheric change at a regional and continental scale. During
the last few years, the increased severity and frequency of summer heat waves and associated droughts
have raised concerns about how climate change will interfere with forest regeneration processes. These
climate extremes are projected to increase in the 21st century in many land areas [10] and they may
eventually alter species compositions (as found by Vander Mijnsbrugge et al. [12] in this Special Issue),
and even predispose some vulnerable species to disappearance from certain growth habitats (as found
by Santos et al. [13] in this Special Issue).

Mining activity has a large impact on the surrounding landscape. It has caused significant forest
losses and severe soil degradation worldwide. The post-mine areas are often reclaimed to non-forest
land which results in a loss of biodiversity [14]. The reforestation of mined land would help mitigate
the increase in atmospheric CO2 concentrations and restore the potential for the land to provide forest
ecosystem services and goods [15]. The restoration of forest on reclaimed post-mine land is often
dependent on artificial regeneration [16]. Planted seedlings, however, are threatened by a variety of
stresses, including low quality of rooting media, pre-existing competing vegetation and herbivory.
In this issue, the first-year results from two experiments conducted in the reclaimed Appalachian
surface mines are presented. Bell et al. [17] compared the survival and growth of native shortleaf pine
to those of non-native loblolly pine (Pinus taeda). Hackworth et al. [18] studied herbivore damage in
different tree species and how it could be reduced.

A current question in forest regeneration is how to transfer the gains from tree breeding
programmes to forestry. One way to do this is to use vegetative propagation for producing somatic
embryo plants. Somatic embryogenesis has been widely developed to mitigate shortages of regeneration
material of a high breeding value in different conifer species ([19], and references therein). Fluctuation
in the availability of genetically improved seed material of the Norway spruce has increased interest
in developing the technology for the production of somatic embryos in Finland also. In this special
issue, Tikkinen et al. [20] report that when state-of-the-art embryo storage and in vitro germination
protocols were combined, somatic embryo plants can be grown and large-scale field testing can be
initiated, although further development is still required to increase the cost-efficiency of the method.

Nursery production has traditionally focused on producing seedlings efficiently and economically.
Nowadays, there is a growing interest in reducing the environmental impacts of seedling production.
Sphagnum peat moss is widely used as a growth media in forest tree nurseries. However, due to its
very long regeneration time, peat is no longer considered to be a renewable resource. Furthermore,
peat extraction damages peatland ecosystems and reduces its capacity to act as a carbon sink ([21],
and references therein). One way to reduce the C footprint of peat extraction is to develop an alternative
growth media for Sphagnum peat moss. In this Special Issue, Dumroese et al. [22] evaluated different
modes of biochar delivery to amend and replace Sphagnum peat moss in the production of nursery
plants in containers.

In Fennoscandia, tree planting is the preferred method of stand regeneration. Most seedlings
are planted manually in the regeneration sites. Economic pressure and labour shortages are pushing
forest owners to manage their forests more intensively to increase wood production and profitability.
Mechanized tree planting has been developed in Fennoscandia as an alternative to manual planting.
It has been shown to be time efficient and to lead to high-quality regeneration when compared to
manual planting [23]. However, due to its low cost-efficiency, the proportion of mechanically planted
seedlings in Finland and Sweden has been only a few percentages of the total amount of plantings
over the last few years [24,25]. In this issue, Ersson et al. [26] discuss the key factors that may affect
the future growth of mechanized planting. They conclude that the cooperation between Sweden and
Finland’s forest industries and research institutes is an efficient way to enhance the mechanization
level of Fennoscandian tree planting.
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3. Conclusions

The papers included in this Special Issue cover a broad range of aspects, ranging from cultural
practices in nurseries to the field performance of seedlings under challenging environmental conditions.
Broader insights into how the existing and new information could be applied to the forest regeneration
chain in the future were provided. We hope that the information in this Special Issue will be useful for
the progress of science in the field of silviculture.

Conflicts of Interest: The authors declare no conflict of interest.
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Land in Eastern Kentucky: Implications for Forest
Resilience in a Changing Climate
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* Correspondence: kenton.sena@uky.edu
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Abstract: Surface mining and mine reclamation practices have caused significant forest loss and forest
fragmentation in Appalachia. Shortleaf pine (Pinus echinata) is threatened by a variety of stresses,
including diseases, pests, poor management, altered fire regimes, and climate change, and the species
is the subject of a widescale restoration effort. Surface mines may present opportunity for shortleaf
pine restoration; however, the survival and growth of shortleaf pine on these harsh sites has not
been critically evaluated. This paper presents first-year survival and growth of native shortleaf
pine planted on a reclaimed surface mine, compared to non-native loblolly pine (Pinus taeda), which
has been highly successful in previous mined land reclamation plantings. Pine monoculture plots
are also compared to pine-hardwood polyculture plots to evaluate effects of planting mix on tree
growth and survival, as well as soil health. Initial survival of shortleaf pine is low (42%), but height
growth is similar to that of loblolly pine. No differences in survival or growth were observed
between monoculture and polyculture treatments. Additional surveys in coming years will address
longer-term growth and survival patterns of these species, as well as changes to relevant soil health
endpoints, such as soil carbon.

Keywords: reforestation; shortleaf pine; restoration ecology; mine reclamation; Appalachia; loblolly pine

1. Introduction:

1.1. Surface Mine Reclamation and Reforestation

Surface mining is a major driver of land use change throughout Appalachia, including
eastern Kentucky. While early surface mining reclamation practices often resulted in successful
post-mining forest restoration, surface mines reclaimed prior to 1978 were often characterized
by haphazardly-placed mine spoils that were prone to landslides and erosion, and significantly
impaired water quality. Public Law 95-87, The Surface Mining Control and Reclamation Act of 1977
(SMCRA), ushered in a new era of surface mine reclamation, requiring a return of landforms to the
approximate original contour, stabilized spoil placement to eliminate landslides, and establishment of
herbaceous vegetation to control erosion. Revegetation was commonly performed by hydro-seeding
competitive, fast-growing nonnative species such as tall fescue (Schedonorus arundinaceus) and
lespedeza (Lespedeza cuneata). Surface mines reclaimed after SMCRA were often characterized by
heavily compacted spoils with poor infiltration and aeration [1]. Aggressive groundcovers competed

Forests 2017, 8, 375; doi:10.3390/f8100375 www.mdpi.com/journal/forests5
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with planted and volunteer tree seedlings for nutrients, water, and light, and the compacted soils were
often not conducive to vigorous tree growth. As a result, many mining companies began implementing
hay/pastureland or wildlife habitat as post-mining land uses. These reclamation practices present
challenges to subsequent reforestation of reclaimed mine sites.

An estimated 600,000 ha of previously forested Appalachian land was surface mined and
reclaimed to non-forest land (termed “legacy mined land”) [2], perpetuating negative landscape
effects of surface mining, including forest fragmentation and spread of invasive species, as well as
habitat and biodiversity loss [3]. In addition to these ecological challenges, this extensive land area is
mostly unmanaged and economically unproductive. Thus, this broad area of unforested land presents
opportunities for ecological improvement, including restoration of threatened and endangered forest
species, habitat restoration, and carbon storage, as well as short-term (e.g., restoration industry jobs)
and long-term economic opportunities (e.g., timber and non-timber forest products) [4].

A team of researchers, regulators, and industry practitioners have addressed the reforestation
challenges on reclaimed mine sites by developing a set of recommendations known as the Forestry
Reclamation Approach (FRA) [4,5]. When these guidelines are followed during initial mine reclamation,
forest establishment can be successful, with high survival and hardwood growth rates similar to
regenerating stands of high-quality forests [6–8]. Additionally, reclaimed surface mined lands that
currently exist as grasslands or shrublands (legacy mines) can be rehabilitated using the FRA by
controlling competing vegetation, mitigating soil compaction, and planting a diverse mix of native
tree and shrub seedlings [9–11].

The FRA recommends planting both early- and late-successional species [5], however, the survival
and growth of planted hardwoods on legacy mined land can be restricted by severe competition
from grasses and shrubs, especially tall fescue, lespedeza, and autumn olive (Elaeagnus umbellata) [12].
In contrast, pines typically demonstrate high survival and growth rates on legacy sites [13], rapidly
achieving canopy closure and shading out competitive invasive species in the understory. The potential
for pines to act as a “nurse” crop on harsh legacy sites should also be evaluated. For example, pines
could be planted in monoculture stands to improve soil quality through organic matter contribution
and to eliminate invasive species from the understory, and subsequently underplanted with hardwoods,
which could be released in stages. Alternatively, pines and hardwoods can be planted together initially,
and pines can be selectively thinned as needed.

1.2. Shortleaf Pine Restoration

Shortleaf pine (Pinus echinata), an economically and ecologically valuable species native
throughout the southeast US, is a potential candidate for mine reforestation. Shortleaf pine forest types
have experienced significant declines throughout the southeast US due in part to insect and disease
pressure, extensive timber harvesting, fire suppression and poor management [14–19]. Shortleaf pine
is currently the focus of a major restoration effort (Shortleaf Pine Initiative: http://shortleafpine.net/)
throughout its native range [20,21] because of the suite of ecosystem services they provide. Shortleaf
pine restoration leads to increased levels of plant available nutrients over time [22], in spite of initial
loss of nitrogen [23]. Shortleaf pine restoration also provides important habitat for the federally
endangered red-cockaded woodpecker (Picoides borealis), and also positively impacts diversity and/or
abundance of populations of taxa including butterflies, reptiles, amphibians [24], other birds [25,26]
and small mammals [27]. Shortleaf pine stands, characterized by relatively frequent fire maintaining
low basal area, also provide important habitat for endangered Indiana bats (Myotis sodalis) [28], as well
as a number of other bat species [29].

Loblolly pine (Pinus taeda) is another economically valuable tree species that is distributed across
the southeast US, although not native to Kentucky, generally preferring poorly drained, fine-textured
soils. In mixed stands, loblolly pine is commonly associated with hardwoods (including white oak)
and other pines (including shortleaf pine). Loblolly pine is shallow-rooted; the majority of lateral roots
are found in the top 15–46 cm of soil, especially in shallow soils with a hardpan or high water table [30].

6
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Shortleaf pine has a broader distribution throughout the southeast US, ranging much farther north
than loblolly pine, and it tolerates a broader range of climate conditions. While shortleaf pine grows
best on deep, well-drained floodplain soils, it is also competitive on dry, shallow ridgetop soils, and is
commonly associated with a number of hardwood and other pine species. When found in mixed
stands with loblolly pine, shortleaf pine tends to be dominant in drier ridgetop sites; this is commonly
attributed to shortleaf pine preferring better soil aeration and being more tolerant of poor soil fertility
than loblolly pine [30].

While techniques for establishing shortleaf pine in relatively high-quality sites, such as existing
hardwood forests or agricultural fields [31–34], are relatively well-understood, establishment
of shortleaf pine on compaction-mitigated legacy surface mines has not yet been rigorously
evaluated [35,36]. Shortleaf pine is competitive on drier ridgetop sites with frequent fire [37], but legacy
mine sites can be characterized by poor infiltration resulting in ponding, which may limit site suitability
for shortleaf pine. In contrast, loblolly pine prefers poorly drained soils and is more tolerant of
higher moisture conditions [37], and has demonstrated good growth and survival on legacy sites in
Kentucky [13].

Over even larger spatial scales and longer temporal scales, climate change represents a major
threat to forest tree species, especially for species already stressed by insects, disease, and management
issues [38,39]. Because trees are sessile and have long generation times, they may be particularly
susceptible to the effects of rapid climate change, less resilient to changing temperatures and moisture
than animals or plants with shorter generation times [40]. An option for conservation and management
of forest trees with respect to climate change may be assisted migration, intentionally planting species
of interest in their projected future range under climate change. Shortleaf pine is an example of a
species already under significant pressure, which may be particularly threatened by climate change.
With climate change projections indicating that the distribution of loblolly pine will shift north over
time into Kentucky [14], the species is likely to move into these sites whether planted or not, and may
potentially outcompete native species such as shortleaf pine. Focusing shortleaf pine reforestation
efforts in the northern part of its range, such as eastern Kentucky, may improve its resilience to
climate change.

This project was initiated to evaluate growth and survival of shortleaf pine and loblolly pine
on surface mined land in eastern Kentucky grown in monoculture and in polyculture with white
oak (Quercus alba), northern red oak (Quercus rubra), and chestnut oak (Quercus montana). This paper
presents first-year growth and survival data. Long-term project goals will be assessed by follow-up
surveys 5–7 years after establishment, including species effects (i.e., shortleaf pine vs. loblolly pine) and
planting effects (i.e., polyculture vs. monoculture) on reforestation success, including tree (e.g., growth
and survival) and soil (e.g., carbon, pH, etc.) outcomes.

2. Methods and Materials

2.1. Plot Establishment and Data Collection

A 1.3 ha plot of legacy mined land in a portion of the University of Kentucky Robinson Forest
(Breathitt County, KY) was selected for this experiment (Figure 1). Exotic shrubs, primarily autumn
olive (Elaeagnus umbellata), were removed prior to ripping using a small bulldozer (John Deere 550G).
Soil compaction was mitigated by cross-ripping (plowing) the ground with a Caterpillar D-9 bulldozer
equipped with two, rear-mounted ripping shanks. The two shanks were spaced approximately 2.4 m
apart on the tool bar so that the two shanks were located directly behind the bulldozer’s tracks. Ripping
shanks were immersed approximately 1 m deep into the soil and pulled through the ground, creating
parallel rips across the entire site. The bulldozer operator then turned perpendicular to the first set of
parallel rips and ripped the site a second time. The experiment was set up as a split-plot design with six
whole plots, each measuring 39 m × 31.7 m. Three of the plots were randomly assigned to a shortleaf
pine treatment and the other three to a loblolly pine treatment. Each whole plot was divided into two
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22 m × 12.2 m subplots that were randomly assigned either the pine monoculture or pine-hardwood
polyculture treatment (i.e., split plot factor) (Figure 2). One-year-old bare root seedlings sourced from
the Kentucky Division of Forestry were planted in March of 2016. Seedlings were planted in rows
on a 2 m spacing, with 45 pines per monoculture subplot, and 22 hardwoods (red oak, white oak,
and chestnut oak) and 23 pines per polyculture subplot. The buffer space outside the border of the
split plots but within the whole plots was planted with seedlings for the pine species assigned to the
whole plot.

Height and ground-line diameter were recorded for each individual at time of planting (spring
2016), and measurements were repeated after one year (spring 2017). In addition, soil samples
(composited from six subsamples) were collected in duplicate at random in each subplot both at
planting and after one year, and samples were analyzed for the following parameters: soil pH, P, K, Ca,
Mg, and Zn. Additional soil analyses conducted only in 2017 included the following: total N, sand, silt,
clay, CEC, total C, and exchangeable K, Ca, Mg, and Na. Sand, silt, and clay were determined by the
micropipette method [41]; pH was determined in a 1:1 soil:water solution [42]. P, K, Ca, and Mg, were
analyzed by Mehlich-III extraction [43]. Cation exchange capacity was determined by the ammonium
acetate method at pH 3 [44]. Exchangeable base concentration was evaluated after ammonium acetate
extraction using ICP [43]. Total N (%) and total C (%) were determined on a LECO CHN-2000 Analyzer
(LECO Corporation, St. Joseph, MI, USA).

Figure 1. Plot location, Breathitt County, KY. (Figure credit: Kylie Schmidt).
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Figure 2. Whole plot (1–6) and subplot configuration of shortleaf pine and loblolly pine monoculture
and pine/hardwood polyculture plantings in rehabilitated legacy mined land in eastern Kentucky.

2.2. Statistical Methods

Statistical analyses were conducted in SAS 9.3. Soils data collected in both 2016 and 2017 were
analysed by repeated measures ANOVA using PROC MIXED, with subplot as the experimental unit.
Planting mix (polyculture vs. monoculture) and species (loblolly pine vs. shortleaf pine), and their
interaction, were modelled as fixed effects, replicate (each treatment replicated 3 times) modelled as a
random effect, and year modelled in the repeated statement. Soils data collected in 2017 only were
analysed by ANOVA using PROC GLM, with planting mix, species, and their interaction modelled as
effects, with three replicates.

Tree height change was averaged by species for each subplot, and subplot means were
treated as the experimental unit. Differences in change in tree height were detected by split-plot
ANOVA using PROC GLM, with species, planting mix, and their interaction, modelled as effects.
Tree survival was analysed using PROC GLIMMIX, with survival proportions calculated for each
subplot as the experimental unit, and species, planting mix, and their interaction modelled as effects.
Significant differences detected by all ANOVAs were followed up by a student’s t-test to detect
pairwise differences.

3. Results

Soil chemical and physical data are reported in Table 1. Of the soil chemical data assessed in both
2016 and 2017, only pH was significantly different, increasing slightly from 5.74 to 6.18 (p < 0.05). K,
Mg, and Zn were significantly higher in loblolly pine than in shortleaf pine, and Zn was significantly
higher in monoculture than polyculture (p < 0.05). Total N and exchangeable Mg were higher in
loblolly pine than shortleaf pine plots (p < 0.05).
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Table 1. Soil data (means ± SE) for soil samples collected from reforestation plots (three plots planted in
loblolly pine and three plots planted in shortleaf pine) in Eastern Kentucky. Each plot was subdivided
into pine-hardwood polyculture and pine-only monoculture subplots. Means with differing letters
are significantly different, as detected by ANOVA and followed up by a student’s t-test, at p < 0.05.
“Exch” = “Exchangeable”.

Year Pine Planting Mix

2016 2017 Shortleaf Pine Loblolly Pine Monoculture Polyculture

Soil pH 5.74b ± 0.31 6.18a ± 0.31 6.20 ± 0.42 5.72 ± 0.42 6.06 ± 0.42 5.86 ± 0.42
P (mg/kg) 6.92 ± 1.27 7.67 ± 1.27 6.79 ± 1.56 7.79 ± 1.56 7.83 ± 1.56 6.75 ± 1.56
K (mg/kg) 91.2 ± 6.24 78.6 ± 6.24 67.9b ± 6.58 101.9a ± 6.58 91.0 ± 6.58 78.8 ± 6.58
Ca (mg/kg) 996 ± 408 1409 ± 408 773 ± 529 1633 ± 529 1178 ± 529 1227 ± 529
Mg (mg/kg) 216.7 ± 16.5 206.1 ± 16.5 159.9b ± 22.4 262.9a ± 22.4 213.7 ± 22.4 209.1 ± 22.4
Zn (mg/kg) 3.09 ± 0.08 3.06 ± 0.08 2.28b ± 0.08 3.87a ± 0.08 3.39a ± 0.08 2.76b ± 0.08
Total N (%) - - 0.104b ± 0.014 0.196a ± 0.016 0.162 ± 0.023 0.138 ± 0.018

Sand (%) - - 62.7 ± 3 53.7 ± 4 58.0 ± 4 58.4 ± 4
Silt (%) - - 25.4 ± 2 32.7 ± 3 29.0 ± 3 29.0 ± 3

Clay (%) - - 12 ± 9 13.6 ± 1.2 12.9 ± 1.2 12.6 ± 0.9
CEC (meq/100 g) - - 7.46 ± 1.13 12.94 ± 1.20 10.84 ± 1.65 9.56 ± 1.13

Exch K (meq/100 g) - - 0.158 ± 0.02 0.308 ± 0.04 0.247 ± 0.04 0.219 ± 0.03
Exch Ca (meq/100 g) - - 3.58 ± 1.68 7.95 ± 2.09 6.63 ± 2.13 4.90 ± 1.85
Exch Mg (meq/100 g) - - 1.13b ± 0.16 2.26a ± 0.21 1.67 ± 0.23 1.72 ± 0.27
Exch Na (meq/100 g) - - 0.023 ± 0.004 0.026 ± 0.004 0.026 ± 0.005 0.023 ± 0.004

Total C (%) - - 0.022 ± 0.004 0.034 ± 0.002 0.029 ± 0.004 0.027 ± 0.003

After one growing season, most seedlings experienced positive growth in their height (77%)
and diameter (72%). Negative height growth was related to deer and elk browse that sheared the
tops off of the seedlings. Diameter growth did not differ between the two pine species, averaging
0.22 cm and ranging between −0.6 cm and 1.79 cm (Figure 3). Hardwood diameter growth was about
half that of the pines with highest growth in white oaks (mean = 0.1 cm; range = −0.6 cm–1.1 cm)
followed by chestnut oak (mean = 0.08 cm; range = −0.25 cm–0.5 cm), and red oak (mean = 0.06 cm;
range = −0.8 cm–0.65 cm) (Figure 4). A similar species-specific pattern was observed in height growth.
Individual loblolly pine seedling growth ranged from −11 cm to 69.3 cm and loblollies had the
largest average height increase (16.02 cm), which was significantly greater than all the hardwoods but
not shortleaf pine. Shortleaf pine height growth ranged from −19.8 cm to 72.5 cm with an average
(10.51 cm) that was approximately 5.5 cm less than loblolly pine. Shortleaf pine height growth was
not significantly different from loblolly pine growth but was significantly larger than two of the three
hardwoods. White oak seedling height growth ranged from −32.2 cm to 52.5 cm. White oaks had
the largest height growth among the hardwoods and was the only hardwood species to achieve a
positive average height growth (5.65 cm). Although many red oak seedlings experienced positive
height growth, ranging from −27.9 cm to 19 cm, their average was negative (−0.71 cm). Similarly,
chestnut oak height growth ranged from −15.5 cm to 7.5 cm and averaged −1.19 cm. Despite the
range of height growths among the hardwoods, none were significantly different from each other.
Collectively, these results suggest that diameter growth was similar among all five species but that the
pines grew taller than hardwoods, with the exception of no significant difference between shortleaf
pines and white oaks.
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Figure 3. First-year growth and percent survival of shortleaf pine and loblolly pine planted in pine
monoculture and pine-hardwood polyculture on rehabilitated legacy mine land in eastern Kentucky.

Figure 4. First-year growth and percent survival of white oak, chestnut oak, and northern red oak
planted in pine-hardwood polyculture on rehabilitated mine land in eastern Kentucky.

4. Discussion

Planting mix (polyculture vs. monoculture) did not significantly influence tree growth or survival;
however, growth and survival varied with species. Shortleaf pine survival (42%) was similar to that
of planted hardwoods, but lower than that of loblolly pine (85%) (p < 0.05). Survival of shortleaf
pine was lower than first-year survival reported by Angel (2008) of mixed hardwoods planted into
mixed mine spoils with no vegetative competition in eastern Kentucky (69–98%) [6,45], lower than
survival (65–75%) of seedlings planted into spoils seeded with groundcover species [46], and lower
than first-year chestnut survival in legacy mined land in eastern Kentucky (72–97%) [9]. However,
shortleaf pine survival was similar to survival of seedlings planted into mine spoil seeded with
groundcover species (56%) [47], and greater than survival of shagbark hickory (Carya ovata) reported
in the same study (24%) [47]. In contrast to relatively low shortleaf pine survival, loblolly pine
survival (85%) was greater than first-year loblolly pine survival reported in Oklahoma by Dipesh et al.
(2015) (76%) [48] and fourth-year survival of another loblolly pine planting near Robinson Forest
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(77%) [13]. While first-year survival of shortleaf pine was relatively low, this planting could still
be successful if ongoing mortality rates are low; subsequent surveys will be necessary to evaluate
long-term suitability of shortleaf pine on these sites. Also, consistent with previous studies at Robinson
Forest and elsewhere, first-year loblolly pine survival was high, supporting continued use of loblolly
pine in mine reforestation efforts.

While first-year survival was lower, first-year growth of shortleaf pine (10 cm) was similar to
that of loblolly pine (16 cm). Growth of loblolly pine dramatically outpaced growth of northern red
oak in an adjacent site in legacy mined land in eastern Kentucky [49]. In that study, loblolly pine
rapidly overgrew competing vegetation and shaded it out (in 4–8 yrs), leading to a bare understory
characterized by a thick pine needle litter layer [13]. In contrast, the northern red oaks in Hansen
et al. (2015) struggled against competing vegetation and were not successful in achieving canopy
closure even after 10 years [13]. While loblolly pine has demonstrated its ability to rapidly outcompete
nonnative vegetation in these conditions, this has yet to be seen with shortleaf pine. Further monitoring
of our plots over the next several years should demonstrate whether shortleaf pine can compensate for
its lower survival and be a reasonable candidate for reforestation on reclaimed surface mined land.
Heavy competition from Miscanthus spp. and other herbaceous species (lespedeza and fescue) in these
plots will likely be the most significant impediment to shortleaf pine survival and growth. Hardwood
growth in this study was low, even negative in two species (chestnut oak and red oak), likely due
to browse by deer and elk. Browse was observed on this site, as on many other similar plantings,
and can significantly affect growth and survival [9,50,51]. Regardless of browse, hardwood growth
tends to be low during the first 2–3 years after planting [45], with growth rates increasing after this
2–3 yr establishment period [6].

Higher survival of loblolly pine than shortleaf pine on our site is likely due to loblolly pine being
favored by site soil moisture and chemistry conditions. Loblolly pine is more tolerant of poorly drained
soils than shortleaf pine [37]. Large portions of the project site exhibited poor drainage and even
standing water (which can frequently be the case on these sites [52,53]), suggesting that overall soil
moisture conditions may be more favorable for loblolly pine than shortleaf pine. Chemically, soils
were favorable across treatments, with pH, particle size distribution, nutrient levels, and CEC similar
to those observed on soils favorable for tree growth and survival in another eastern Kentucky study [6].
However, the soils in loblolly pine plots in this study were chemically more favorable than the soils in
shortleaf pine plots, with higher total N and exchangeable Mg.

The current study continues to provide support for the use of loblolly pine in surface mine
restoration plantings; however, low first-year survival of shortleaf pine is concerning. Additional
studies investigating survival and growth over time will provide additional valuable information
about the potential for surface mines as shortleaf pine restoration sites. Also, the unique design of
this project presents opportunity for investigation of more complex restoration ecology questions,
specifically (1) whether pines planted in mixtures with hardwoods experience greater growth and
survival than pines planted in monoculture and (2) whether rapid pine establishment can sufficiently
reduce invasive species competition and improve soil health so as to act as a “nurse crop” for
subsequent high-value hardwood species release. Finally, this experiment presents an opportunity for
the long-term comparison of loblolly pine and shortleaf pine that will offer insights into restoration
strategies involving these species, especially under climate change. Specifically, insights on whether
restoration practitioners should consider species not historically native to a state or region (e.g., loblolly
pine in Kentucky) suitable for restoration, given that climate change will shift their distributions.
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Abstract: In this article, the authors aimed to analyze the physiological and biochemical alterations
in Melanoxylon brauna seeds subjected to heat stress. For this, seed germination, electric conductivity
(EC), the production of reactive oxygen species (ROS), and the activity of antioxidant enzymes were
assessed. Seeds were incubated at constant temperatures of 25, 35, and 45 ◦C. Independent samples
were first incubated at 35 and 45 ◦C and then transferred to 25 ◦C after the intervals of 24, 48,
72, and 96 h. To evaluate EC, seeds were soaked for 0, 24, 48, and 72 h, at 25, 35, and 45 ◦C and
then transferred to Erlenmeyer flasks containing 75 mL of deionized water at 25 ◦C, for 24 h. ROS
production and enzyme activity were assessed every 24 h in seeds soaked at the aforementioned
temperatures. Germination did not occur at 45 ◦C. Seeds soaked at 35 ◦C for 72 h and then transferred
to 25 ◦C showed higher percentages of germination and a higher germination speed. Seed soaking at
45 ◦C increased peroxide production, which compromised the antioxidant enzyme system due to
a reduction in the activity of enzymes APX, POX, and CAT, thus ultimately also compromising the
cell membrane system.

Keywords: climate change; seeds; physiological quality; antioxidant enzymes

1. Introduction

The projections from the Brazilian Panel on Climate Change show that the global temperature
will increase throughout the century. Such change might range from 1 to 5 ◦C until the end of this time
period [1]. Considering the possibility of this temperature increase in the next years, the following
questions remain: how will species adapt to such change and how can we interfere so that they do
not disappear?

Melanoxylon brauna (Fabaceae-Caesalpinioideae), also known as brauna, is a native species to the
Atlantic Forest, occurring in the Brazilian states of Bahia, São Paulo, Minas Gerais, Espírito Santo, Pará,
and Rio de Janeiro [2]. The wood species is dense and highly used in the sailing industry, as well as in
construction and the manufacture of light poles and furniture [3]. The species also has ornamental
features, being used in afforestation and landscaping projects, as well as in folk medicine [2,4].

Brauna is currently included in the “Official List of Species from the Brazilian Flora Threatened
with Extinction”, under the ‘vulnerable’ category, according to the Brazilian Ministry of Environment [5].
In view of these factors, studies approaching seed physiology and germination represent starting points
for the development of new strategies to preserve the brauna species [6].
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Seed germination is influenced by environmental factors such as temperature, which can be
manipulated to optimize the percentage, speed, and uniformity of germination, resulting in more
vigorous seedlings and lower production costs [7,8]. Temperature affects water absorption by the seed
and the biochemical reactions that regulate the entire seed metabolic process [9]. The temperature
range in which germination occurs varies amongst species, and thus each species may have a base
and an optimal germination temperature. Generally, the range of 20 to 30 ◦C is adequate for the
germination of many subtropical and tropical species [10–12]. In brauna, for instance, the range
between 25 and 30 ◦C is considered optimal for seed germination [13].

Heat stress increases the production and accumulation of reactive oxygen species (ROS) in
seeds [14]. ROS include free radicals such as the superoxide anion (O2

•−), hydroxyl radical (•OH),
and molecules that are not considered free radicals, like hydrogen peroxide (H2O2) and singlet
oxygen (1O2) [15]. ROS are formed either due to excess energy in plants, specifically in chloroplasts,
mitochondria, and plasma membranes; or as byproducts of metabolic pathways in different cell
compartments [16]. Excess ROS are highly damaging, and when the levels of these molecules exceed
the capacity of the defense mechanisms which scavenge them, cells undergo oxidative stress [17].

Plant cells have efficient enzymatic mechanisms for ROS removal, which enables them to remain
undamaged by intoxication. Temperature affects the removal capacity of ROS, as it determines the
activation and action of the enzymes superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase
(APX), and peroxidase (POX), which are the main responsible agents for ROS scavenging [18].

Considering the ecological and economic importance of brauna and the influence of environmental
conditions on seed germination, we aimed to evaluate the physiological and biochemical alterations
that occur during the germination of Melanoxylon brauna seeds subjected to heat stress.

2. Materials and Methods

The experiments were performed between February and August 2016. Melanoxylon brauna fruits
were collected in the Leopoldina municipality, in the State of Minas Gerais, southeastern Brazil
(21◦31′55′′ S and 42◦38′35′′ W), in September 2015. Fruits were dried in the sun until opening and
seeds were then extracted manually.

Seeds were incubated in water, in petri dishes, at 25, 35, and 45 ◦C under constant light.
Another test was performed aiming to evaluate possible damage to the seeds after exposure to
stressful temperatures. For that, independent samples were first incubated at 35 and 45 ◦C under
the same previously described conditions, and then transferred to 25 ◦C after 24, 48, 72, and 96 h,
after which they were evaluated for the germination percentage and germination speed index (GSI).

Seeds were considered germinated when the primary root emerged. GSI was calculated by
Maguire’s equation [19], with replicates of 20 seeds per treatment.

To evaluate electric conductivity (EC), seeds were soaked for 0, 24, 48, and 72 h at 25, 35, and 45 ◦C
and then transferred to Erlenmeyer flasks containing 75 mL of deionized water at 25 ◦C for 24 h. EC of
the solution was determined by a MICRONAL conductivity-meter, as described by Woodstock [20].
The variable was assessed in five replicates of 20 seeds and the results were expressed in μS cm−1 seed−1.

The effect of temperature on ROS production, lipid peroxidation, and enzyme activity was
evaluated throughout germination. The analyses were performed on the embryo axis of seeds soaked
for 0, 24, 48, and 72 h at 25, 35, and 45 ◦C.

Superoxide was analyzed as described by Mohammadi and Kar [21]. Superoxide anion production
was evaluated by determining the amount of accumulated adrenochrome [22], using a coefficient of
molar absorptivity of 4.0 × 103 M−1 [23].

Samples of 50 mg of embryonic axis and micropylar endosperm used to quantify hydrogen
peroxide were crushed and homogenized in 2.0 mL of 50 mM potassium phosphate buffer, followed by
centrifugation at 8400× g for 15 min at 4 ◦C, after which the supernatant was collected [24]. Aliquots of
100 μL of the supernatant were added to the reaction medium, which consisted of 250 μM ferrous
ammonium sulfate, 25 mM sulfuric acid, 250 μM xylenol orange, and 100 mM sorbitol, in a final volume
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of 2 mL [25]. The mixture was then homogenized and kept in the dark for 30 min. Absorbance was
determined by a spectrophotometer at 560 nm. Contents of H2O2 were quantified based on the
calibration curve, using the peroxide concentration as a standard. Plant extracts were obtained from
samples while analytical blanks were prepared in parallel.

Lipid peroxidation was evaluated by determining the TBA (thiobarbituric acid) concentration [26].
The results were expressed as mg MDA g−1 FW, after absorbance conversion [27]. Three replicates
were used per treatment.

To evaluate enzyme activity, seeds were soaked at 25, 35, and 45 ◦C as previously described in the
germination section, and samples were collected from seeds every 24 h. The embryonic axis was extracted,
frozen in liquid nitrogen, and lyophilized. These samples were stored in a freezer (−20 ◦C) until analysis.

The enzyme extracts used to determine the activities of superoxide dismutase (SOD), ascorbate
peroxidase (APX), and catalase (CAT) were obtained following the method described by Hodges [28],
with adaptations. Samples of 50 mg were crushed and homogenized with 2.0 mL of a solution of
50 mM phosphate buffer pH 7.8 and 1% (w/v) polyvinylpolypyrrolidone (PVPP). Then, the extract
was centrifuged at 19,000 g for 30 min at 4 ◦C and the supernatant was used as an enzyme extract.
The entire procedure was conducted at 4 ◦C.

SOD activity: Superoxide dismutase activity was determined by an assay using 30 μL of extract
and 2.97 mL of a reaction mixture comprised of 1500 μL of 100 mM phosphate buffer pH 7.5, 780 μL of
50 mM methionine, 225 μL of 1 mM p-nitro blue tetrazolium (NBT), 60 μL of 5 mM EDTA, 60 μL of
2 μM riboflavin, and 345 μL of distilled water [29]. The reaction was conducted at 25 ◦C in a reaction
chamber under fluorescent light (15 W). After five min of light exposure, the blue formazan produced
by NBT photoreduction was measured at 560 nm and the reading obtained at 560 nm was retrieved
from the illuminated sample [30]. The absorbance at 560 nm of a reaction mixture equal to the other
one, yet which was kept in the dark for an equal period, was used as the control. One SOD unit was
defined as the amount of enzyme necessary to inhibit NBT photoreduction by 50% [31].

APX activity: Ascorbate peroxidase activity was determined by an assay adapted from Ramalheiro [32],
using 100 μL of enzyme extract and 1400 μL of a reaction mixture comprised of 700 μL of 50 mM phosphate
buffer pH 7.8, 400 μL of 0.25 mM ascorbic acid containing 0.1 mM EDTA, and 300 μL of 0.3 mM H2O2.
Enzyme activity was calculated based on the molar extinction coefficient of 2.8 mM−1 cm−1 [33]. One activity
unity (U) was defined as the amount of enzyme needed to convert 1 nmol of substrate into product per min,
per mL, under the assay conditions.

CAT activity: Catalase activity was determined by an assay adapted from Hodges et al. [34],
using 100 μL of enzyme extract and 1400 μL of a reaction mixture constituted by 900 μL of 50 mM
phosphate buffer pH 7.8 and 500 μL of 0.97 M H2O2. Enzyme activity was calculated using the molar
extinction coefficient of 36 M−1 cm−1 [35]. One activity unit was defined as the amount of enzyme
needed to convert 1 μmol of substrate into product per min, per mL, under the assay conditions.

POX activity: Peroxidase activity was determined by adding 30 μL of crude enzyme extract to
2.97 mL of a reaction mixture constituted by 25 mM potassium phosphate buffer pH 6.8, 20 mM pyrogallol,
and 20 mM H2O2 [36]. Purpurogallin production was determined in a spectrophotometer by the increase
in absorbance at 420 nm, at 25 ◦C, until the second minute of the reaction. Enzyme activity was calculated
using the molar extinction coefficient of 2.47 mM−1 cm−1 [37].

Enzyme activities were expressed as specific activity (SOD: U SOD min−1 mg protein−1; APX:
nmol Asc min−1 μg protein−1; CAT: μmol H2O2 min−1 mg protein−1; POX: μmol min−1 mg protein−1).

The protein concentration in samples was determined by the Bradford method [38], with a standard
curve constructed using bovine serum albumin (BSA) at 2.5 to 50 μg protein.

For all determinations, the statistical design was entirely randomized with five replicates. The data
of germination was submitted to a variance analysis using the SAS statistical software (version 9.2;
SAS Institute, Inc., Cary, NC, USA) [39] and the averages obtained for the treatments were compared
by the Tukey test as a 5% significance. The data of EC, ROS, and enzyme activity were submitted to
a regression analysis (p < 0.05).
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Pearson correlation analysis was performed (SAS statistical software (version 9.2; SAS Institute,
Inc., Cary, NC, USA)) [39] on the evaluated variables. The results were interpreted as suggested by
Mukaka [40], under the following criteria: a correlation coefficient of 0.9 to 1.0 (positive or negative)
indicates strong correlation (***), of 0.7 to 0.9 (positive or negative) indicates high correlation (**),
of 0.5 to 0.7 (positive or negative) indicates moderate correlation (*), of 0.3 to 0.5 (positive or negative)
indicates low correlation, and of 0 to 0.3 (positive or negative) indicates negligible correlation.

3. Results

3.1. Germination and GSI

A significant difference was detected between the mean values of germination as a function
of temperature. In general, seeds incubated at 35 ◦C for 24 and 72 h and then transferred to 25 ◦C
and seeds incubated constantly at 25 ◦C showed higher germination values: 88%, 84%, and 83%,
respectively. However, constant incubation at 45 ◦C caused seed death. Moreover, temperature increase
prior to the transfer of seeds to 25 ◦C caused a loss of vigor. A significant difference in GSI was also
observed. The soaking of seeds at 35 ◦C for 24, 48, and 72 h followed by their ulterior transfer to 25 ◦C
favored germination speed (Figure 1). After a 96 h soaking at 45 ◦C, all seeds died.

(a) (b)

Figure 1. Germination percentage (a) and germination speed index (b) of Melanoxylon brauna seeds
under different temperatures (T1: 25 ◦C; T2: 35 ◦C; T3: 35 ◦C/24 h; T4: 35 ◦C/48 h; T5: 35 ◦C/72 h;
T6: 45 ◦C; T7: 45 ◦C/24 h; T8: 45 ◦C/48 h; T9: 45 ◦C/72 h). Vertical bars = ±SE, n = 5.

3.2. Eletric Condutivity

The interaction between temperature and soaking time was significant for EC, being highest at
the highest temperature (Figure 2). EC at 25 ◦C only differed from that at 35 ◦C with a 72 h soaking
period, with the former showing a clear decrease.

Figure 2. Electric conductivity in Melanoxylon brauna seeds under different temperatures and soaking
periods. * Indicates statistical difference between means. Vertical bars = ±SE, n = 5.
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3.3. Superoxide Anion and Hydrogen Peroxide

Superoxide anion was not detected by the adopted method under the tested conditions. The H2O2

concentration decreased during the first 24 h of soaking and increased from 48 h. At 45 ◦C, the embryonic
axis and micropylar endosperm showed the highest H2O2 levels at all soaking times (Figure 3).
At 25 and 35 ◦C, no difference in peroxide concentration in the embryonic axis was observed after
any of the analyzed soaking times.

 
(a) (b) 

Figure 3. Hydrogen peroxide concentration in the embryonic axis (a) and micropylar endosperm
(b) of Melanoxylon brauna seeds soaked at 25, 35, and 45 ◦C. * Indicates statistical difference between
means. Vertical bars = ±SE, n = 5.

3.4. Lipid Peroxidation

Lipid peroxidation at 25 ◦C showed a decrease in the first 48 h of soaking, followed by an increase.
At 35 and 45 ◦C, peroxidation increased during the first 24 h, with posterior reduction. The highest
peroxidation levels were observed at 45 ◦C (Figure 4).

Figure 4. Malondialdehyde (MDA) concentration in Melanoxylon brauna seeds soaked at 25, 35,
and 45 ◦C. * Indicates statistical difference between means. Vertical bars = ± SE, n = 5.

3.5. Specific Activity of Antioxidant Enzymes

A significant interaction was detected among the specific activity of enzymes APX, POX, SOD,
and CAT at the different temperatures and soaking times, indicating that both of these factors
influenced enzyme activity in the embryo axis during the germination of brauna seeds.
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The highest values of SOD activity occurred in seeds subjected to 45 ◦C. At all temperatures,
enzyme activity decreased after 48 h of soaking (Figure 5a). The differences between the two other
temperatures were small, and such differences might have occurred due to a sampling effect. It is
worth noting that the seeds showed a wide range of maturation levels during the harvest period.

 
(a) (b)

(c) (d)

Figure 5. Specific activities of enzymes superoxide dismutase (SOD) (a), ascorbate peroxidase (APX)
(b), catalase (CAT) (c), and peroxidase (POX) (d) in the embryonic axis of Melanoxylon brauna seeds
during the germination period, after soaking at 25, 35, and 45 ◦C. * Mean statistical difference between
means. Vertical bars = ±SE, n = 5.

Regarding APX specific activity at 25 ◦C, a slight increase was detected during the first 24 h,
followed by a decrease. At 35 and 45 ◦C, a decrease in enzyme activity was observed during the first
24 h. After that period, an increase was observed at both temperatures, but more intensely in seeds
incubated at 35 ◦C (Figure 5b).

CAT activity in the embryonic axis decreased after 24 h of soaking at 25 and 45 ◦C. At 35 ◦C, a small
increase in enzyme activity was observed in the embryo during seed hydration. The differences in CAT
activity among the three soaking temperatures were clearly highest after 72 h of hydration (Figure 5c).

POX activity was constant at 25 ◦C, but at 35 ◦C, it increased after 24 h of soaking. The opposite
behavior was observed in seeds incubated at 45 ◦C, in which enzyme activity decreased during
soaking (Figure 5d).

Pearson correlation was assessed for the following variables: EC, H2O2 concentration in the
embryo and micropylar endosperm, and the activity of enzymes POX, SOD, APX, and CAT in
Melanoxylon brauna seeds during soaking at 25, 35, and 45 ◦C. The obtained coefficients allowed
for detecting significant correlations, both positive and negative, among the evaluated variables at all
tested temperatures (Table 1).
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Table 1. Pearson correlation coefficients for means of electric conductivity (EC), concentration
of hydrogen peroxide in the embryo and micropylar endosperm, and activity of the enzymes
peroxidase (POX), superoxide dismutase (SOD), ascorbate peroxidase (APX), and catalase (CAT)
in Melanoxylon brauna seeds germinated after soaking at 25, 35, and 45 ◦C.

Temperature (◦C) Electric Conductivity [H2O2] Embryo

25

[H2O2] embryo −0.82 **
[H2O2] micropyle −0.85 **
POX 0.06 −0.22
SOD 0.51 0.05
APX 0.75 ** −0.59 *
CAT 0.38 −0.19

35

[H2O2] embryo −0.06
[H2O2] micropyle −0.70 **
POX 0.95 *** 0.24
SOD −0.47 −0.47
APX 0.07 0.90 ***
CAT 0.97 *** −0.26

45

[H2O2] embryo 0.36
[H2O2] micropyle −0.78 **
POX −0.80 ** −0.21
SOD 0.25 −0.29
APX −0.48 0.60 *
CAT −0.88 ** −0.61 *

* Moderate correlation (correlation coefficient of 0.5 to 0.7 (positive or negative)); ** high correlation (correlation
coefficient of 0.7 to 0.9 (positive or negative)); *** strong correlation (correlation coefficient of 0.9 to 1.0 (positive or
negative)) (following Mukaka [37]).

4. Discussion

The observed variation in the germination percentages of brauna seeds with different temperatures
is in accordance with what was described by Flores et al. [12]. These authors verified that germination in
this species occurs between 12.3 and 42.5 ◦C and that 27 ◦C is the optimal temperature for germination.
Similar to what we observed in the present study, they also verified that no germination occurs at
45 ◦C, and increasing the soaking time of seeds at this temperature and then transferring them to 25 ◦C
reduces seed germination potential.

The soaking of seeds at 35 ◦C for 24, 48, and 72 h followed by their transfer to 25 ◦C yielded higher
percentages of germination and GSI. Studies on the germination physiology of other species indicate
that temperatures near 35 ◦C provide higher GSI values than those obtained at 25 ◦C, even when the
latter temperature yields higher germination percentages. The appropriate temperature for germination
is different from the appropriate temperature for germination speed [41]. The same pattern has been
observed in Torresia acreana and Cecropia glaziovii seeds. This phenomenon occurs because water
absorption and biochemical reactions occur more quickly at higher temperatures [42,43].

Besides being a determining factor of seed germination, temperature affects the EC of seeds
during soaking. The EC value is associated with the number of leaked electrolytes in the solution,
thus being directly related to the integrity of the cell membrane. Thus, high EC values indicate a high
leakage of solutes due to alteration in the integrity of the cell membranes, and thereby represent
reduced seed vigor. Consequently, EC has been proposed as a parameter to be used in the assessment
of seed physiological quality [44].

The observed EC values in brauna seeds incubated at 45 ◦C were higher than those from seeds
incubated at 25 and 35 ◦C. This indicates that the damage to cell membranes was higher in seeds
soaked at 45 ◦C. At elevated temperatures, membrane selective permeability is lost due to the inability
of the membrane to resume its functions because of the disorganization of the lipid bilayer [13].
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During soaking, there is an increase in H2O2 concentration in the micropylar endosperm during
the first 24 h (Figure 3). Such an increase is due to the resumption of respiration. Increased amounts of
H2O2 leads to the weakening of the wall of seed coat cells, thus enhancing germination. The roles that
ROS play in plants also include cell signaling, the promotion of programed cell death, and an increase
in the expression of genes that encode oxidative stress enzymes. However, at elevated concentrations,
these free radicals may attack the cell membrane system, causing its disruption [45,46].

Regarding ROS production, our results showed that under the stress conditions of elevated
temperatures, there is an increased production of H2O2. The increased concentration of this molecule
might lead to the occurrence of lipid peroxidation and to an ulterior disruption of the cell membrane,
as indicated by the increased leakage at 45 ◦C, which caused a gradual decrease in seed viability.
Similar results were found in Dalbergia nigra seeds, which showed a gradual loss in viability
at 45 ◦C [18]. With increasing stress, the formation of ROS is intensified, and their elimination must be
constant to avoid oxidative stress. Therefore, the synchronized action of enzymes responsible for ROS
removal provides a higher stress tolerance to plants subjected to elevated temperatures.

The higher levels of H2O2 at 35 and 45 ◦C led to an increased production of malondialdehyde, which in
turn is an indicator of high rates of lipid peroxidation. An increased peroxidation of lipids, mediated by
free radicals and peroxides, is a possible reason for the loss of viability in seeds soaked at 45 ◦C.

Superoxide dismutase (SOD), the first enzyme of the antioxidant system to act, doing so by
dismutating superoxide radical (O2

−) into H2O2, showed low activity. However, such activity was
higher in seeds soaked at 45 ◦C, indicating a possible detoxification. This is one of the possible
explanations for the higher H2O2 concentration detected at that temperature. Our results are in
accordance with what was reported by Flores et al. [13], who observed increased SOD activity in
brauna seeds subjected to high temperatures. The behavior of SOD at 25 ◦C is similar to that found
in Picea omorika seeds, in which enzyme activity remained constant during germination at 25 ◦C [47].
Similar results have also been reported for SOD activity in Medicago sativa seeds, which showed
constant behavior at 22 ◦C [48]. During the soaking of Dalbergia nigra seeds, SOD activity is higher at
45 ◦C than at 25 ◦C [18].

Nevertheless, Kumar et al. [49] observed an increase in SOD activity until 40 ◦C in maize and
rice genotypes, followed by a decrease after 45 ◦C. Although the production of SOD is one of the first
responses to abiotic stress, the action of this enzyme must not be evaluated individually, since APX
and/or CAT, for instance, eliminate H2O2, which permeates the membrane easily and is toxic to
cells [50]. APX and CAT belong to different classes of antioxidant enzymes due to their different
affinities for H2O2, in the orders of μM and mM, respectively. While APX is responsible for the refined
modulation of ROS for cell signaling, CAT is responsible for removing the excess ROS generated
during stress conditions [51,52].

The activity of SOD is stimulated at 45 ◦C in 48 h, when the highest H2O2 concentrations were
detected. SOD activity is lower at 25 and 35 ◦C, indicating that peroxide levels at those temperatures
are safe, being sufficiently low as to not be detected by the enzyme.

The activity of the enzymes APX, POX, and CAT decreased at 45 ◦C, which led to an increased
concentration of H2O2 and consequent damage to the cell membranes (Figure 2), which ultimately
affected seed germination (Figure 1).

There was no correlation between APX activity and H2O2 scavenging at 35 ◦C. The higher activity
of this enzyme at 25 ◦C kept H2O2 concentrations at low levels. The decreased enzyme activity
after 48 h and increased concentrations of H2O2 might be due to the affect of this compound on the
weakening reactions of the wall of micropyle cells [45]. On the other hand, APX might also act on
different organelles where H2O2 is produced at unsafe levels.

APX can scavenge H2O2 from cells using ascorbate as an electron donator for the reaction [53].
Sun et al. [54], after evaluating seeds and seedlings of wild plants and of two mutant linages of
Nicotiana tabacum for the ATtAPX genes, observed that seeds from the wild genotype had lower
percentages of germination at 42 ◦C, thus proving the importance of APX under stress conditions.
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Hence, we suggest that APX is dependent on temperatures near the one that is ideal for germination
of brauna seeds.

CAT activity at 25 ◦C was constant during the first 24 h of soaking, with a slight decrease during
this period. At 35 ◦C, the activity of this enzyme increased as a function of soaking time, indicating
that CAT acts under pre-stress conditions, avoiding ROS accumulation. However, at 45 ◦C, a slight
decrease in CAT activity occurred after 24 h of soaking. Moreover, at 35 ◦C, both POX and CAT showed
increased activities, especially the former. In the case of POX, the breakdown of storage lipids in
peroxisomes results in the increase of H2O2 concentration. Additionally, even increased respiration in
mitochondria, which results in an increased concentration of H2O2 [13], may determine an increase in
the activity of both CAT and POX at 35 ◦C.

These results demonstrate that CAT has an important role in regulating ROS levels, acting in
accordance with other metabolic cycles, such as that of ascorbate/glutathione. At 25 ◦C, APX is
apparently responsible for H2O2 degradation, since at that temperature, neither CAT nor POX is
important in such a process. This is justified by the fact that CAT acts at elevated H2O2 concentrations,
which is not the case during the periods of 24 and 48 h. Despite acting on a micromolar scale,
CAT seems to have not been essential in determining the existing H2O2 levels, which in turn did not
cause major damage to seed cell metabolism.

Our results indicate that the low ROS production and the antioxidant enzyme activity at 25 ◦C
maintained the physiological quality of seeds, thus favoring the occurrence of germination.
Pre-soaking at 35 ◦C followed by posterior transfer to 25 ◦C increased seed metabolism and
did not compromise seed viability, therefore enabling quicker and even more germination.
Soaking at 45 ◦C, which stressed seeds, compromised antioxidant enzyme activity and membrane
systems, resulting in increased H2O2 production and causing vigor loss and the absence of germination
in Melanoxylon brauna seeds.

Table 1 shows that EC only had a significant inverse correlation with H2O2 concentration in the
embryo at 25 ◦C. In that sense, it seems reasonable to presume that such a correlation is associated
with the production of ROS and their impact on cell membrane integrity. An increase in ROS contents
would lead to damage to the cell membranes, while a reduction in those contents would not affect the
membrane structure. Hence, at 25 ◦C, the H2O2 levels and EC values were safe, thus causing neither
oxidation damage nor damage to the membrane system (Figures 2 and 3).

The H2O2 concentrations in the micropyle and embryo showed a significant inverse correlation at
all temperatures. Peroxide contents increased with leakage from the embryonic axis. Such leakage
may possibly act on weakening the micropyle by means of the Fenton reaction [55]. This phenomenon
occurs due to the high capacity of H2O2 to cross cell membranes, through protein channels that
have important physiological roles in the capture, translocation, sequestration, and extrusion of this
molecule [56]. Transport of H2O2 through protein channels might occur in response to the increased
concentration of this ROS in the micropyle [56]. The increase in H2O2 concentration from the occurrence
of respiratory activity in the embryo during germination is explained by the kinetic features of this
ROS. Such features enable the binding of the substrate to aquaporins, due to the molecule dipole
moment of 2.26 × 10−18 esu (H2O2) vs. 1.85 × 10−18 esu (H2O), the dielectric constant of 73.1 (H2O2)
vs. 80.4 (H2O), a molecular diameter of 0.25–0.28 nm (H2O2) vs. 0.275 nm (H2O), and the capacity to
form hydrogen bonds [57]. The role played by H2O2 is not restricted to oxidative stress; during seed
germination, this ROS is also responsible for softening micropyle tissues and signaling both apoptosis
and cell proliferation [55].

Regarding the enzymes, no relevant correlation of SOD, CAT, or POX activity with EC and H2O2

levels was detected in the embryo or micropyle at 25 ◦C. APX showed a strong correlation with H2O2

concentration in the micropyle, as well as with EC. Although APX activity was constant during the
first 48 h of soaking, such activity was enough to keep H2O2 concentrations at safe levels. These results
reinforce the hypothesis that APX has its activity potentialized at temperatures near the optimal
temperature for germination.
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At 35 ◦C, POX and CAT activities showed a strong correlation with EC, while APX showed
a higher correlation with H2O2 in the micropylar endosperm (Table 1). Our results indicate an initial
oxidative stress and compromise of the membrane system. Thus, the increased enzyme activity at 35 ◦C
enabled the elimination of excess H2O2 and the consequent reestablishment of metabolic routes related
to seed germination. In general, heat stress becomes evident at 35 ◦C; however, at that temperature,
the antioxidant system and the cell membrane system were not entirely compromised, which explains
the occurrence of germination under those conditions (Figure 1).

A strong correlation of POX and CAT activities with EC was observed at 45 ◦C. APX showed
a strong negative correlation with H2O2 levels in the embryo (Table 1). The decreased enzyme activity
at 45 ◦C might have compromised the antioxidant system due to heat stress. Consequently, there was
a higher accumulation of H2O2, the excess of which attacked the cell membrane system, causing its
disruption due to increased EC and ultimately leading to seed death.

Unlike existing studies, we tried to analyze the seed tissues separately. By evaluating the behavior of
the micropillary region and the embryo as such, we were able to interpret changes in each tissue separately.

5. Conclusions

Soaking at 35 ◦C for 72 h followed by the transfer to 25 ◦C favors germination and germination
speed in brauna seeds.

At 45 ◦C, on the other hand, there is an increased production and accumulation of H2O2, and the
antioxidant system at that temperature is then compromised. Catalase is the enzyme with the highest
activity among peroxidases. The temperature of 45 ◦C had a deleterious effect on the peroxidases,
while it was a stimulant for SOD. In general, enzyme activities vary between the temperatures and
during the period of germination.

Consequently, EC is significantly increased, as the membrane system of seed cells is compromised
with these conditions. As a result, no germination occurs at 45 ◦C. Additionally, soaking seeds at this
temperature leads to seed death.
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Abstract: The increasing severity and frequency of summer droughts at mid-latitudes in Europe may
impact forest regeneration. We investigated whether the sympatric species Quercus robur L., Q. petraea
(Matt.) Liebl., and their morphological intermediates respond differentially to water deficit. Acorns
were sourced from a naturally mixed population. Half of the potted seedlings were subjected to two
successive drought periods during the first growing season, each followed by a plentiful re-watering.
The surviving drought-exposed seedlings subsisted independent of the taxon of the mother tree. The
phenological responses were also taxon-independent. However, drought-exposed plants showed a
retarded height growth in the year following the treatment which was taxon-dependent. Offspring
from Q. robur and from trees with leaves resembling Q. robur leaves and infructescences resembling
Q. petraea infructescences showed a stronger decrease in height growth compared to the offspring
from Q. petraea and from trees with leaves resembling Q. petraea leaves and infructescences resembling
Q. robur infructescences. Diameter growth in the year following the drought treatment showed a weak
taxon-dependent response. Together, our results may suggest that the composition of oak species and
their hybrids in natural oak forests could be altered upon prolonged periods of precipitation deficit.

Keywords: sessile oak; pedunculate oak; hybridization; survival; leaf senescence; growth

1. Introduction

Climate change may alter temperature and precipitation regimes across Europe, which may result
in longer and more severe summer droughts that in turn will challenge forest vitality [1,2]. Increases
in tree mortality have been documented in temperate forests due to rising temperatures and water
limitation [3], and multiple recurrent drought events were found to be more damaging than a single
drought [4,5]. Generally speaking, the seedling stage of a forest tree is the most vulnerable phase in
its life cycle. Therefore, comprehension of stress responses in seedlings is fundamental for predicting
forest regeneration [6,7].

Forests 2017, 8, 407; doi:10.3390/f8110407 www.mdpi.com/journal/forests29
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Among the prominent broad-leaved European tree species, oaks are well-known to be tolerant to
drought. Therefore, Quercus robur L. and Q. petraea (Matt.) Liebl. are proposed as candidate tree species
to replace more drought-sensitive species such as beech (Fagus sylvatica L.) or spruce (Picea abies (L.)
Karst.) in warm and dry sites in Europe [8]. Responses to water deficit in oaks have been described
in several studies. Water limitations induce a reduced above-ground growth pattern, a diminished
biomass production, and a shift towards below-ground root growth [9–13]. Dry growing conditions
induce an earlier stop of height growth [12,14] and an earlier cessation of secondary (radial) growth [15].
In the spring that follows a growing season with a drought treatment and an earlier autumnal growth
stop, an advanced bud burst was noticed [16]. Re-watering after a period of water deficit increased
the chance of an extra shoot as compensation growth [17]. A delay in autumnal senescence, with a
delayed bud burst in the subsequent spring, was observed upon re-watering after a drought period in
late summer, and is interpreted as a compensation time for physiological repair before entering the
next developmental phase of senescence [18]. To date, these studies focus on pure oak species and do
not account for interspecific hybrids that are known to occur regularly.

Q. robur and Q. petraea are two native mid-successional European oak species, and are among
the most frequent tree species in Central and Western Europe. Both oaks occur widely across most
of Europe, reaching northwards to southern Scandinavia, southwards to the northern part of the
Mediterranean region, westwards to Ireland, and eastwards to southern European Russia. Q. robur
has a more extended distribution, reaching more eastwards into continental central Russia. Both are
of great ecological interest as habitat and food source for a great variety of insects, mammals, birds,
fungi, lichens, and moss species. At the same time, they imply a considerable economic value for
forest enterprises and the wood processing industry [19]. Sympatric in large geographical areas, these
interfertile species are well-known to hybridise in natural conditions, giving rise to the hybrid taxon
Q. x rosacea Bechst [20–22]. It was already suggested in 1950 that the number of genes by which species
of oaks differ from each other is considerably smaller than is the case for many related and interfertile
species in other plant genera [23]. Both species still deviate in their ecological requirements. Q. robur
flourishes in nutrient-rich, humid sites, often in lowlands, whereas Q. petraea is more dominantly
present in drier and warmer sites that are less nutrient-rich, often at mid-altitudes [24]. For instance, in
Germany only 25% of 1200 studied natural oak stands consisted of only one of the two species, while
the other 75% contained both species in variable proportions, with the latter sites being characterised
by mosaics of dry and humid microenvironments and the occurrence of intermediate morphological
forms [24]. Q. petraea is considered the more drought-tolerant species, and detailed studies have
corroborated this. For instance, a study on excised branches showed that Q. robur was more vulnerable
than Q. petraea to water-stress-induced cavitation [25] and Q. petraea displayed a higher water use
efficiency compared to Q. robur [26]. In addition, Q. petraea is less adapted to anoxia than Q. robur [27].
The behaviour of hybrids in this respect is unknown.

In general, Q. robur and Q. petraea are characterized by distinct differences in leaf morphology,
although overlap exists between the two species when individual traits are considered [28–30]. The two
species do not differ in alleles but in allele frequencies, as detected by molecular marker studies [30].
A joint analysis of morphology and genetic information is rare, often applying one approach as
confirmation for the other, with genetic taxon assignment coinciding well with morphological
classification [30–32]. In all these cases, leaf morphological traits are applied. Q. robur is characterized
by a short leaf petiole, secondary veins running to the sinuses between leaf lobes, and a leaf lamina
base being typically lobated [33]. Q. petraea leaves have longer petioles, no secondary veins that end
in the sinuses, and a more symmetrical leaf shape. In comparison to other leaf traits, the largest part
of the variation attributable to species distinction between Q. robur and Q. petraea was found for the
trait leaf petiole length, indicating the importance of this trait for species determination [29]. Still,
infructescence traits can enhance the morphological separation of the two species [20]. Intermediate
individuals can be described based on a statistical multivariate analysis of leaf morphological traits,
denoting individuals that are situated in between two peaks of a bimodal distribution along a synthetic
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axis where the peaks represent Q. robur and Q. petraea [28,29]. Intermediate individuals have also been
defined based on a combination of leaf and infructescence traits when leaves resemble one species and
infructescence traits resemble the other [20].

As the interfertile Q. robur and Q. petraea differ in their drought tolerance and as drought
tolerance in their hybrids is unknown, we hypothesized in this study that Q. robur, Q. petraea, and
their morphological intermediates respond differentially upon experimental drought, with Q. petraea
being more drought tolerant and morphologically intermediate individuals displaying intermediate
responses to water limitation. We question whether these taxa display variable responses (i) for
survival after two successive drought periods in the first year; (ii) for leaf senescence in the first two
years; (iii) for bud burst in the second year; (iv) for height growth in the second year; and (v) diameter
growth in the second year.

2. Materials and Methods

2.1. Source Material

The sourced oak population in the northern part of Belgium (51◦0′57.8556′ ′ N, 5◦31′57.0384′ ′ E) is
autochthonous [34]. A cpDNA analysis revealed a uniform haplotype. This haplotype fitted in the
reconstructed postglacial migration routes [35]. The trees form a small relict of abandoned coppice
wood growing on inland sand dunes within a former heath land where no tradition existed among the
relatively poor farmers of introducing foreign provenances. Acorns were collected on 26 September
2013 from 18 mother trees in an area of 150 m × 150 m. At this time, acorns had ripened but were still
hanging in the trees. As the oaks are growing widely spaced on the sand dunes, they have low reaching
branches and the acorns were picked by hand, excluding any mixing of the acorns among mother
trees. The taxon of the mother trees was identified in the field [20]. Q. robur showed a leaf stalk smaller
than 1 cm and an infructescence stalk larger than 2 cm (six mother trees sampled and abbreviated as r).
Q. petraea was characterised by a leaf stalk larger than 1 cm and an infructescence stalk smaller than
2 cm (six mother trees sampled and abbreviated as p). Any other combination of these two measures
was considered to belong to the mother trees with intermediate morphological traits, further called
intermediates. Two types of intermediates were present: the very rare trees with long leaf stalks (>1 cm)
and long infructescence stalks (>2 cm), further called the long-stalked intermediates (one mother tree
sampled and abbreviated as pr), and the more common trees with short leaf stalks (<1 cm) and short
infructescence stalks (<2 cm), further called the short-stalked intermediates (five mother trees sampled
and abbreviated as rp). The rarity of the long-stalked intermediates is also suggested by the results
from controlled crosses. Interspecific crosses with Q. robur as a female parent showed higher acorn
production rates, producing offspring with leaves resembling Q. robur and most probably resulting in
short-stalked intermediates at fertile ages, compared to interspecific crosses with Q. petraea as a female
parent generating offspring with leaves resembling Q. petraea and most probably yielding long-stalked
intermediates at fertility [24].

2.2. Germination of the Acorns

In October 2013, the collected seeds were sown in forestry trays with one seed per cell, using
standard nursery potting soil (organic matter 20%, pH 5.0–6.5, electrical conductivity (EC): 450 μS/cm,
dry matter 25%, fertilization: 1.5 kg/m3 powdered compound fertilizer NPK 12 + 14 + 24). During
winter, the trays were watered manually, keeping the soil moist. The experiment took place in a
greenhouse with automatic temperature regulation, keeping the greenhouse frost-free in wintertime,
but without additional heating. An automatic internal grey shade cloth system operated in the
greenhouse, protecting the plants from high levels of insolation. In total, 392 seeds germinated,
143 from Q. petraea, 109 from Q. robur, and 140 from the intermediates (Table 1). Germination success
per sampled taxon was 90%, 96%, 78%, and 79% for Q. petraea, the long-stalked intermediate, the
short-stalked intermediate and Q. robur respectively. All germinating plants were given water at regular
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times according to the visual needs as judged by the experienced greenhouse workers. Seedlings were
transferred in April 2014 to one-litre pots (12 × 11 × 11 cm) using standard nursery potting soil. The
seedlings were not additionally fertilised.

Table 1. Number of oak seedlings according to the treatment and the taxon of the mother tree (nt) and
number of seedlings that survived the first growing season (nsu), also expressed in % (nsu%).

Treatment Taxon Mother Tree * nt nsu (nsu%)

control

p 69 68 (99)
pr 13 13 (100)
rp 55 55 (100)
r 58 58 (100)

drought

p 74 50 (68)
pr 14 11 (79)
rp 58 38 (66)
r 51 36 (71)

* p: Q. petraea, pr: long-stalked intermediate, rp: short-stalked intermediate, r: Q. robur.

2.3. Drought Treatment, Measurements, and Scoring

For the summer months, climate scenarios for Flanders indicate a decrease in average precipitation
together with an increase in extreme short rainfall events [36]. Our experimental set-up mimicked
the summer scenario by withholding any watering to potted seedlings (heat waves) interrupted by
plentiful re-watering (short heavy rainfall). The pots were divided in two groups: a control and a
treatment group. In both groups, the offspring of the 18 mother trees were individually mingled at
random (completely randomised). Two successive drought periods were imposed on the oak seedlings
during the first growing season. In 2014 on DOY (day of the year) 134 and DOY 217, respectively,
the two groups of plants were soaked overnight in a basin with the water level up to two cm above
the bottom of the pots to reach a fully-water-saturated condition. Watering was withheld from the
drought-treated group up to DOY 182 and DOY 290, respectively, whereas the control group was
further watered. All plants were re-watered on DOY 183 and DOY 291, respectively, by soaking the
two groups of plants in the basins in the same way. The first drought period lasted 48 days and the
second 73 days. At the end of the first drought period, only 1% of the seedlings in the treated group
showed wilting and/or curling of the leaves, and no seedlings had died among the treated plants nor
in the control group (Figure S1). The second drought period lasted until a larger number of plants
(43%) showed wilting and/or curling of the leaves and started dying off (Figure S2). This period was
considered as having had the strongest effect on the seedlings. When a drought period is mentioned in
this paper, it concerns the second drought period of 2014. It was not a part of the experimental design
to unravel the effect of the first drought period on the responses of the plants upon the second drought
period. Still, results should be interpreted in light of a putative contribution of the first drought period.
After the second re-watering, all plants—including both control plants and treated plants—were kept
well-watered. They were well-watered during the whole following growing year by soaking all plants
on a regular basis in the basins for several hours and subsequent draining. In this way, plants were
brought to field capacity on a regular basis using a relatively easy-to-apply method of watering the
individual pots in an equal manner.

During the two drought periods, all the pots were weighed nearly weekly to measure the water
loss (Figures S1 and S2). On the same days, the wilting and/or curling of the leaves was observed
(Figures S1 and S2). The initial weight at the beginning of the treatment period was measured after the
pots had been drained of excess water. We described the soil water reserve with a relative value which
is related to the term relative extractable water (REW). REW is calculated for a given day (j) using the
formula REWj = (Rj − Rmin)/RU. Rj is the soil water content on a given day (j), calculated using the
rooting depth. Rmin represents the minimum soil water content observed at the permanent wilting
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point, also expressed at the same depth. RU represents the total amount of extractable soil water in the
rooted zone. It is the difference between the soil water reserve at field capacity and at the permanent
wilting point. Water availability in the soil for plants to access will obviously depend on the size of the
available reserve; i.e., the depth of rooting and the physical soil properties. In our experiment, all pots
had the same size and the same volume and type of soil. Therefore, we modified the formula of REW
for a given day (j) to an adjusted REWj = (weight DOY j − mean weight DOY 290)/(mean weight DOY
218 − mean weight DOY 290). Mean weight DOY 290 was the mean weight of the pots on DOY 290
for which the plant had died off at the end of the second drought period and did not recover anymore
afterwards. This represented an approximation of the permanent wilting point. Mean weight DOY 218
was the mean weight of all the pots on DOY 218 and approximated field capacity. The calculation did
not take into account possible weight gain by plant growth. This approximation is easily applicable to
a larger amount of potted plants.

As acorns were collected within one natural stand with co-occurring Q. robur, Q. petraea, and
morphologically intermediate forms; it cannot be excluded that hybrid individuals were sampled
among the descendants of Q. robur and Q. petraea. A morphological evaluation was made of a
well-developed leaf per plant in the first growing season. Morphological analyses of the leaves in the
juvenile phase of oaks are known to have a diagnostic value, albeit weak [37]. Four scores were given
per seedling, as indicated in Table S1. The principal component analysis was run on these scores to
control the identification of the mother trees in the field.

During the second drought period, a significant amount of plants died off. Therefore, survival
was monitored as a separate binary variable. The height of all the seedlings and the diameter of the
plants at 1 cm above the soil level was measured at the end of the first and second growing seasons.
Height and diameter growth during the second growing season were calculated by subtracting the
height and diameter at the end of 2014 from the height and diameter at the end of 2015, respectively.
Two phenophases were scored on all plants: leaf senescence in autumn 2014 and 2015, and bud burst
in spring 2015. Leaf senescence was scored following an 8-level scoring protocol (Table S2) on DOY
335 in 2014 and on DOY 292, 313, and 330 in 2015. All the leaves of a seedling were observed together,
and a visual mean of colour change was made. Bud burst and leaf unfolding in the apical bud was
scored according to a 6-level scoring protocol (Table S2) on DOY 128 in 2015.

2.4. Data Analysis

All the statistical analyses were performed in the open source software R 3.1.2 [38]. Five response
variables were modelled using generalised linear mixed models: survival, leaf senescence, bud burst,
height growth, and diameter growth. Survival was examined using logistic regression (generalised
linear mixed models) in the package lme4 [39], whereas the phenological response variables were
modelled using cumulative logistic regression in the package ordinal [40]. We ordered the ordinal
response variables bud burst and leaf senescence in decreasing order: going from unfolded leaves to
buds in winter rest (from 6 to 1) and from shed leaves to dark green leaves (from 8 to 1). This way, the
probability to have reached maximally for instance bud burst score 4 equalled the probability to have
reached scores 6, 5, or 4. This included all plants with an apical bud from which leaves are protruding
but not yet unfolding up to leaves fully unfolded (Table S2). This was interpreted as the probability
of having reached at least bud burst score 4. Height and diameter growth in the second growing
year—thus in the year following a growing season with a drought treatment—were processed with
linear mixed models [39].

In the fixed part of the models, several covariates were examined for significant explanatory
power: the taxon of the mother tree, the adjusted relative extractable water of the pots at the end
of the second drought period, and the plant height at the end of the first growing season. The
interaction between taxon of the mother tree and the adjusted relative extractable water at the end
of the second drought period indicated whether the taxa experienced water limitation differentially.
The phenological model leaf senescence got two additional covariates (day of observation and year of
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observation), as for this response variable repeated observations per plant were available. In all the
models, the mother plant from which acorns were collected was in the random part (random intercept).
For the phenological model leaf senescence, an additional unique plant identity variable was added in
the random part of the models (random intercept) to account for the repeated measurements on the
same plants. We simplified all full models to allow an easier and better interpretation. Using drop1
(a likelihood ratio test), the fixed part of all five models was reduced up to only significant terms.
With a significant interaction term, the corresponding covariates (main effects) remained in the model.
When taxon appeared not significant in a model, it was discarded from the model, indicating that the
response variable was independent from the taxon of the mother tree.

Here we show the full models. The chance (p) of survival was calculated following a
logistic regression:

log(p/(1 − p)) = α + βTT + βHH + βAA + βTATA + βHAHA

with α as the estimated intercept and the β’s as the estimated parameters of the fitted model. T is the
taxon of the mother tree (r: Q. robur, p: Q. petraea, pr: long-stalked intermediate, rp: short-stalked
intermediate); A is the adjusted relative extractable water of the pots at the end of the second drought
period, accounting for the water deficient condition; and H is the plant height at the end of the first
growing season.

For bud burst, the chance (p) to have reached at least a given phenological score level on the day
of observation was calculated following a cumulative logistic regression:

log(p/(1 − p)) = αT − βTT − βHH − βAA − βTATA − βHAHA

with αT as an estimated threshold value for the passing on from one level of the phenological variable
to the next.

For leaf senescence, the chance (p) to have reached at least a given phenological score level on the
days of observation (both in 2014 and 2015) was calculated following a cumulative logistic regression:

log(p/(1 − p)) = αT − βDD − βYY − βTT − βHH − βAA − βYAYA − βTATA − βHAHA

D is the day of observation and Y is the year of observation (factor variable with two levels, 2014
and 2015).

Both diameter and height growth in the second growing year (I) were analysed with linear mixed
models. Apart from the plants that had died off totally (n = 63), also the plants that had died off above
ground (n = 10) were excluded from the dataset.

I = α + βTT + βHH + βAA + βTATA + βHAHA

The full and reduced models, using drop1, were run with the “maximum likelihood” method
until only significant terms remained in the fixed part. Model statistics were taken from the final
reduced model run with “restricted maximum likelihood”.

Confidence intervals (95%) were calculated based on the estimates of the parameters and their
variance-covariance matrices in the final models.

To quantify the relative variability of the individual mother tree in comparison to the taxon of the
mother tree, all final models were run with the taxon of the mother tree in the random part. In this
way, the variance attributable to the mother trees could be compared to the variance attributable to
the taxa to which these mother trees belonged to. In the linear models (response variables of height
and diameter growth in second growing year), the residual variance indicated the variance of the
individual seedlings and therefore allowed the comparison of the variance of the mother taxa and of
the individual mother trees (nested within mother taxa) with the variance among the seedlings (nested
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within the individual mother trees). Logistic regression and cumulative logistic regression models did
not have an error term, and therefore residual variance was not calculated.

3. Results

3.1. Morphological Evaluation of Seedlings

A principal component analysis was applied on the four morphological leaf traits of the seedlings
to control the identification of the mother trees in the field. The first principal component discriminates
the parental species Q. robur and Q. petraea mainly based on the length of the leaf petiole (PL) and the
presence or absence of leaf ears at the lamina base (LE) (Figures S3 and S4; Table S3). Offspring of the
two types of intermediates (short-stalked and long-stalked individuals) show a tendency to deviate
from the parental species. The second and third PC axes mainly account for the number of intercalary
veins and display less discriminating power between the different sampled oak taxa. The majority of
the seedlings displayed a petiole length (PL) and a leaf lamina base (LE) that matched the expected
petiole length according to the mother tree (Table S4). The small amount of seedlings that did not
coincide could concern first-generation hybrids, as sourced mother trees were open-pollinated.

3.2. Survival

At the end of the first drought period, only 1% of the seedlings in the treated group showed
wilting and/or curling of the leaves, and no seedlings had died among the treated plants nor in the
control group (Figure S1). The second drought period lasted until a larger number of plants (43%)
showed wilting and/or curling of the leaves (Figure S2) and started dying off (Table 1). The taxon of
the mother tree was not significant in the survival model. Survival depended quite evidently on the
weight loss of the pots at the end of the second drought period. The height of the seedlings at the end
of the first growing season was an influencing trait, depending on the adjusted relative extractable
water (significant interaction term; Table 2). The taller the seedlings, the greater the probability to die
off in the drought-exposed group of plants (Figure 1 and Table 2).

Figure 1. Modelled probability of survival depending on the plant height at the end of the first growing
season. The mean adjusted relative extractable water of the pots in the control and treated group of
plants was applied to calculate the probabilities; 95% confidence intervals are shown with dashed lines.
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Table 2. Model statistics for the general linear mixed model of the binary response variable survival.

Covariate Estimate St. er. z Value p Value

Intercept 3.26 0.59 5.52 <0.001 ***
H −0.28 0.06 −4.98 <0.001 ***
A −3.66 1.95 −1.88 0.061

H:A 2.49 0.53 4.69 <0.001 ***

A: adjusted relative extractable water (continuous variable), H: height of the plant (continuous variable). Significant
results are in bold: *** p < 0.001.

3.3. Leaf Senescence

In the phenological model describing leaf senescence, the taxon of the mother tree was not
significant (with or without interaction term with adjusted relative extractable water), whereas the
height of the seedlings was significant without interaction term with adjusted relative extractable
water (Table 3). Leaf senescence appeared earlier in the taller seedlings, independent of the drought
treatment (thus, both in the control group and in the drought-exposed seedlings). The interaction
term between year of observation and the adjusted relative extractable water was significant in the
model, indicating that the senescence response in 2014 differed from 2015 depending on the amount of
weight loss in the pots during the drought period in 2014 (Table 3). A more severe drought period, as
expressed by a low adjusted relative extractable water, retarded the decolouration of the leaves in 2014
and advanced the decolouration in 2015 (Figure 2).

Figure 2. Modelled probability of having reached at least leaf senescence score 5 (yellowing leaves
with brown parts) depending on the adjusted relative extractable water of the pots during the second
drought period in the first growing season. To calculate the probabilities, the mean plant height of
9.2 cm in 2014 and of 17.6 cm in 2015 was applied, together with DOY2014 = 340 and DOY2015 = 325;
95% confidence intervals are shown with dashed lines.
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Table 3. Model statistics for the general linear mixed models of the ordinal phenological response
variables leaf senescence and bud burst.

Leaf Senescence (2014 and 2015) Bud Burst (2015)

Covariate Estimate St. er. z Value p Value Estimate St. er. z Value p Value

D −0.19 0.008 −25.20 <0.001 ***
Y 4.80 0.295 16.25 <0.001 ***
A 1.09 0.252 4.33 <0.001 *** −2.24 0.30 −7.40 <0.001 ***
H −0.07 0.013 −5.14 <0.001 ***

Y:A −1.58 0.331 −4.78 <0.001 ***

D: day of observation (continuous variable), Y: year of observation (factor variable with 2015 as standard level),
A: adjusted relative extractable water (continuous variable), H: height of the plant (continuous variable). Significant
results are in bold: *** p < 0.001.

3.4. Bud Burst

Modelling the phenological variable bud burst revealed that the taxon of the mother tree was not
significant. The only significant influence was the adjusted relative extractable water of the pots during
the second drought treatment in the first growing season (2014), indicating that the drought-exposed
group of plants burst buds later compared to the control group (Figure 3 and Table 3). Next to the
taxon of the mother tree, plant height displayed no significant explanatory power (with or without
interaction term with adjusted relative extractable water).

Figure 3. Modelled probability of having reached at least bud burst score 4 (leaves protruding from the
apical bud) depending on the adjusted relative extractable water of the pots during the second drought
period in the first growing season; 95% confidence intervals are shown with dashed lines.

3.5. Height and Diameter Growth in the Second Growing Year

Total plant height and stem diameter growth in the two growing seasons are shown in Figures S5
and S6. In the height growth model, the covariable taxon of the mother tree appeared significant in
interaction with adjusted relative extractable water of the pots during the second drought treatment
of 2014 (Table 4), indicating that the reduction in height growth in 2015 in comparison to the control
group (and thus due to the water deficit in 2014) depended on the taxon of the mother tree. Seedlings
from Q. robur and short-stalked intermediates showed a stronger decrease in height growth due to
the drought treatment than the seedlings from Q. petraea and the long-stalked intermediate (Figure 4).
In addition to the taxon of the mother tree, the height at the end of the growing season in 2014 was
significant in the height model, independent of the weight loss of the pots during the second drought
period in 2014 (Figure 4 and Table 4), showing that the taller plants displayed a larger height growth
in the second growing season. The taxon of the mother tree was analogously significant in the model
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of the diameter growth in the second growing season, also in interaction with the weight loss of the
pots (Figure 5 and Table 4) but independent of the height of the seedlings at the end of the growing
season in 2014.

Figure 4. Modelled height growth in the second growing season (2015) depending on the adjusted
relative extractable water of the pots during the second drought period in the first growing season
and on the taxon of the mother tree. The modelled height is shown for seedlings reaching up to 8 cm
(median height) at the end of 2014. p: Q. petraea; pr: long-stalked intermediate; rp: short-stalked
intermediate; r: Q. robur ( 95% confidence intervals are shown with dashed lines).

Figure 5. Modelled diameter growth in the second growing season (2015) depending on the adjusted
relative extractable water of the pots during the second drought period in the first growing season
and on the taxon of the mother tree. p: Q. petraea; pr: long-stalked intermediate; rp: short-stalked
intermediate; r: Q. robur (95% confidence intervals are shown with dashed lines).
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Table 4. Model statistics for the linear mixed models of the continuous response variables height and
diameter growth in the second growing year.

Height Growth in 2015 Diameter Growth in 2015

Covariate Estimate St. er. DF t Value p Value Estimate St. er. DF t Value p Value

Intercept 5.86 1.72 296 3.40 <0.001 *** 123.7 16.1 297 7.71 <0.001 ***
A 1.48 1.25 296 1.18 0.238 −15.9 19.1 297 −0.83 0.40

Tpr 3.87 4.19 14 0.92 0.371 26.4 38.4 14 0.69 0.50
Tr 1.73 2.46 14 0.70 0.494 −25.2 24.6 14 −1.03 0.32

Trp 1.47 2.44 14 0.60 0.557 −9.3 23.7 14 −0.39 0.70
H −0.15 0.08 296 −1.92 0.056

A:Tpr 1.13 3.10 296 0.37 0.716 −1.45 47.5 297 −0.03 0.98
A:Tr 6.17 1.84 296 3.35 <0.001 *** 61.1 27.9 297 2.19 0.029 *

A:Trp 8.03 1.90 296 4.23 <0.001 *** 56.8 29.0 297 1.96 0.051

A: adjusted relative extractable water (continuous variable), T: taxon of the mother tree with pr: long-stalked
intermediate, r: Q. robur, rp: short-stalked intermediate (factor variable with Q. petraea as standard level to which pr,
r, and rp are compared to), H: height of the plant (continuous variable). Significant results are in bold: *** p < 0.001;
* p < 0.05.

3.6. Variance Components

To assess the influence of the individual mother trees in the analysis, variance components
were calculated (Table 5). Taxon of the mother tree was not significant in the models with response
variables survival, bud burst, and leaf senescence. This was reflected in the low levels of variance
attributed to the taxon of the mother tree in comparison to the individual mother tree (individual
mother tree nested within taxon of the mother tree). The models for height and diameter growth in the
second growing season allowed an additional comparison with variance attributable to the individual
seedlings (the residual variance). In both models, the largest part of the variance was attributable
to variability among individual seedlings, being more pronounced in the diameter model. For the
height model, the variance component attributable to the variation among individual mother trees was
roughly double the variance component of the taxon of the mother tree and roughly half of the variance
attributable to the variation among the seedlings. In the diameter model, this variance component of
the individual mother trees was roughly 12 times the variance component of the taxon of the mother
trees, and about 1/9th of the variance attributable to variation among individual seedlings.

Table 5. Variance components calculated in the different models for the taxon of the mother tree (Mother
taxon), the individual mother tree (Mother ID), and the residual variance. Only linear regression models
have a calculation of the residual variance.

Response Variable
Variance Component

Mother Taxon Mother ID Residual

Survival 1 <0.0001 0.23 -
Bud burst 2 <0.0001 0.52 -

Senescence 2 <0.0001 0.55 -
Height 3 5.63 12.50 25.36

Diameter 3 0.55 6.72 59.72
1 Logistic regression model; 2 Cumulative logistic regression model; 3 Linear regression model.

4. Discussion

4.1. Taxon-Independent Responses to Drought

Q. petraea is regarded as more drought-tolerant than Q. robur [25–27]. Still, in our experiment
survival of the seedlings after a period of water limitation appeared independent of the taxon of the
mother tree when taking into account the height of the seedlings (taller seedlings have a higher number
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of leaves, leading to a higher evaporation). This indicates that under life-threatening stress caused by
drought, equally sized seedlings of both species and their intermediate morphological forms likely
die off at the same rate. This observation is not in accordance with Vivin, Aussenac, and Levy [41],
describing a higher mortality rate among Q. robur upon water deficit. There is no indication of the
provenances used in this study. Possibly, the observed deviating responses between the two species
may (partly) be due to different provenances rather than due to the different taxa. Different groups of
neutral Simple Sequence Repeats (SSR) have been identified that either discriminate between species
or between provenances, indicating that provenance is not merely a type of taxon [42]. In our case, the
mother trees from the different taxa belong to the same natural population. The delayed leaf senescence
upon re-watering after a severe water deficit, the delayed subsequent bud burst, and the advanced
leaf senescence in the following growing year were found both in the here-described experiment with
offspring of Q. petraea, Q. robur, and morphological intermediates, as well as for different provenances
of Q. petraea [18,43]. For the different taxa sourced in the same provenance (here-described experiment),
no dependency on the taxon of the mother tree could be detected, whereas phenological responses in a
similar experiment with different provenances of Q. petraea were dependent on the provenance [18].
These dissimilar responses for the provenance and taxon can likely be related to recent genomic
findings. Provenance-specific and taxon-specific loci have been discovered in the genomes of Q. robur
and Q. petraea, with “species discriminant” loci representing genome regions affected by directional
selection maintaining species’ identity, and “provenance-specific” loci representing genome regions
with high interspecific gene flow and common adaptive patterns (e.g., phenological responses) to local
growth environment [42]. The delayed leaf senescence is suggested to be caused by a compensation
time upon re-watering after a severe drought in which physiological repair mechanisms act before the
seedlings enter the next developmental phenological phase [18]. The observed reduction in height
growth in the second growing season likely caused an earlier growth stop, resulting in an advanced
leaf senescence in this year.

4.2. Taxon-Dependent Responses to Drought

Drought stress causes a reduction in tree stem growth. Büsgen et al. [44] describe that the
summer drought of short duration in Germany may seriously reduce the height growth of spruce
and other tree species and, in addition, that repeated summer droughts may diminish stem growth
for decades, leading to enormous losses of increment. Drought-exposed saplings of Q. robur and
Q. petraea display a reduced secondary growth and adjust their xylem wood-anatomical structure
to improve resistance and repairing abilities after cavitation [45]. This supports the hypothesis that
carbon allocation attributes lowest priority to stem growth under stress [46]. This allows woody plants
to redirect assimilates and energy otherwise used for shoot growth to maintain respiration, to stimulate
root growth, or to favour other protective adjustments. Additionally, increased energy storage in the
xylem parenchyma cells is believed to be induced by drought to repair embolised vessels as soon
as the conditions improve [45]. In our experiment, both Q. robur and Q. petraea displayed a reduced
height growth in the year succeeding the period of water deficit in comparison to the control group.
This carry-over effect on shoot length can simply be explained by an insufficient resource storage for
bud formation and growth [47]. Interestingly, compared to the control plants, Q. petraea showed a
relatively lesser diminution of height growth in the year succeeding the period of drought than Q. robur
(significant interaction terms between taxon of the mother tree and adjusted relative extractable water
during drought period in the height model, Table 4), indicating a more stable growth pattern for
Q. petraea when confronted with water-limiting growth conditions. This observation is consistent
with the fact that Q. petraea withstands more xeric growth conditions compared to Q. robur [25–27].
However, it is not in agreement with the findings of Kuster et al. [16], where no difference is reported
in shoot elongation, radial stem growth, and shoot biomass production between the two species in a
three-year drought experiment. Possibly, the different provenances sourced for both species in this
experiment may have faded the influence of taxon. In addition, our observed height growth response
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that differentiated between Q. robur and Q. petraea could be stronger, taking into account that F1
hybrids may be present in the collected acorns on Q. robur and Q. petraea mother trees. These may have
attenuated this result.

The offspring of the short-stalked intermediate mother trees tended to a similar reduction in height
growth in 2015 to offspring of Q. robur when compared to the control groups that did not experience
water limitation in the preceding growing season. The reduction in height growth of 2015 depended
on the adjusted relative extractable water during the drought period, and is visualised in Figure 4
with similar slopes between offspring of Q. robur and offspring of the short-stalked intermediates.
On the other hand, the offspring of the long-stalked intermediate mother tree (only one mother tree
sampled) behaved similar to the offspring of Q. petraea (also similar slopes between the offspring of
Q. petraea and the long-stalked intermediate in Figure 4). This can be partly explained by matroclinal
inheritance, at least in the juvenile phase, as has already been observed for juvenile leaf morphology in
the offspring of controlled crosses between Q. robur and Q. petraea, with interspecific hybrids displaying
leaf morphological features of the mother tree [24]. As we sampled morphological intermediates in a
natural population, we have no indication of the number of generations (the number of back crosses)
that may have passed since the original (natural) cross between Q. robur and Q. petraea. In this sense,
our results may suggest that the more Q. robur is introgressed in the short-stalked intermediates
(leaf morphology resembling Q. robur) or the more Q. petraea is introgressed in the long-stalked
intermediates (leaf morphology resembling Q. petraea), the more the height growth response of these
hybrids upon water deficit may mirror the respective original maternal parental response.

For the diameter growth in 2015, there are relative weak significant interaction terms between the
taxa of the mother trees and the adjusted relative extractable water during the drought period in 2014.
This means that the offspring from Q. robur and the short-stalked intermediates differ from Q. petraea
offspring, with p-values of 0.029 and 0.051, respectively (Table 4). As with height growth, this indicates
that the offspring of short-stalked intermediates tend to have a similar response as the offspring of
Q. robur, and the offspring of the long-stalked intermediate behave similar to the offspring of Q. petraea.
Strangely, a tendency can be observed for an increased diameter growth in 2015, measured at 1 cm
above soil level, upon higher pre-drought (lower adjusted relative extractable water in 2014; Figure 5)
in the offspring from Q. petraea and the long-stalked intermediate. This is possibly due to an enhanced
allocation to root growth, which has been observed in oak upon water deficit [10]. A slightly larger
diameter increment at the stem base could therefore be considered as a side-effect of the re-allocation
of resources due to the pre-drought period.

The variance component analysis allowed an assessment of the relative importance of the taxon
of the mother tree in comparison to the individual mother trees belonging to each taxon (which can be
interpreted as the maternal effect) and the individual seedlings belonging to each mother tree. When
compared to the height growth in the second growing season, the diameter growth showed more
relative variance among the individual seedlings. This suggests that height growth, in comparison to
diameter growth, is relatively more influenced by both taxon of the mother tree and the individual
mother tree, and relatively less variation resides among the different seedlings.

5. Conclusions

Together, we showed that in pedigrees of a naturally mixed population of Q. robur and Q. petraea
in Belgium, the survival rate after a severe drought and phenological responses of the persisting
seedlings were independent of the taxon of the mother trees, whereas a taxon-effect was detected for
height and diameter growth in the year succeeding the growing season with water limitation. The
frequency of extreme climate events will increase [36], and plant responses may differ depending on
the timing of these events within the year [48,49]. The impact of drought on perennial herbaceous
plant growth and biomass production were found to be the least apparent in spring, possibly due to
lower leaf area of the plants and a seasonally differing water potential in the leaves that may not fully
reflect the water potential of the soil [49]. In our experiment, the first early summer drought event
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did not severely impact the plants as visually judged. Still, it possibly aggravated the responses to the
second longer lasting drought period that occurred later in the year [4,5]. This growth response upon
water limitation may influence the growth dynamics of seedling competition in natural conditions.
It is generally known among plant species that in a population where plants compete with each
other, larger individuals grow faster than smaller individuals and that initial height differences in
trees can build over time as larger individuals pre-empt available light and suppress the growth
of smaller neighbours [50–53]. Complex stand structures and diverse community assemblages can
develop from the legacies of small differences in initial size and growth rates between individuals and
species [54]. The rate of hybridisation between Q. robur and Q. petraea may augment in the future due
to the predicted climate change, which may decrease species clustering and density [55]. As Q. petraea
is characterised by stronger post-pollination hybridisation barriers than Q. robur [22,56], it can be
expected that in the forest stands in Belgium (and by extension in Europe) which harbour both species,
an evolution may occur towards larger amounts of short-stalked intermediate forms. If our observed
taxon-specific responses to water deficit in controlled conditions can be extrapolated to field conditions,
it can be hypothesised that the composition of oak species and their hybrids in the natural oak forests
may alter upon prolonged periods of precipitation deficit, promoting Q. petraea and the long-stalked
intermediates. Clearly, longer-term experiments are needed here.

Supplementary Materials: The following are available online at www.mdpi.com/1999-4907/8/11/407/s1.
Table S1: Morphological descriptors of fully developed oak leaves on first year seedlings discriminating Q. robur
from Q. petraea. Table S2: Description of the score levels of the two phenological response variables leaf senescence
and bud burst in oak seedlings. Table S3: Loadings of leaf morphological traits in PCA of the analysed oak
seedlings. Abbreviation of traits are in Table S1. Table S4: Number of seedlings (in %) in the different score
levels of the two morphological leaf traits petiole length (PL) and leaf ear (LE). Total number of seedlings are in
Table 1. Descriptions of score levels are in Table S1. p: Q. petraea. pr: long-stalked intermediate. rp: short-stalked
intermediate. r: Q. robur. Figure S1: Average and standard deviation of the weights of the pots in the control
and the drought treated group of plants during the first drought period in the first growing year. Percentage of
seedlings in the treated group of plants showing wilting and/or curling of the leaves is indicated. p: Q. petraea, pr:
long-stalked intermediate, rp: short-stalked intermediate, r: Q. robur. Figure S2: Average and standard deviation
of the weights of the pots in the control and the drought treated group of plants during the second drought period
in the first growing year. Percentage of seedlings in the treated group of plants showing wilting and/or curling
of the leaves is indicated. p: Q. petraea, pr: long-stalked intermediate, rp: short-stalked intermediate, r: Q. robur.
Figure S3: Biplots of a Principal Components Analysis on leaf morphological traits of oak seedlings. Seedlings are
coloured according to the field identification of the mother trees that was based on both leaf and infructescence
traits. p: Q. petraea, pr: long-stalked intermediate, rp: short-stalked intermediate, r: Q. robur. Abbreviation of
traits are in Table S1. Figure S4: Principal components on leaf morphological traits of oak seedlings in relation
to the field identification of the mother trees that was based on both leaf and infructescence traits. p: Q. petraea,
pr: long-stalked intermediate, rp: short-stalked intermediate, r: Q. robur. Figure S5: Height growth in the two
growing seasons 2014 and 2015 for both the control and the stressed group of plants. p: Q. petraea, pr: long-stalked
intermediate, rp: short-stalked intermediate, r: Q. robur. Figure S6: Diameter growth in the two growing seasons
2014 and 2015 for both the control and the stressed group of plants. p: Q. petraea, pr: long-stalked intermediate,
rp: short-stalked intermediate, r: Q. robur. Table S5: Basic data.
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Abstract: Scarification involves the partial removal of the seed coat on the side of the hilum, opposite
the radicle, to speed up germination in acorns. The aim of this study was to determine the influence of
scarification on the germination capacity of pedunculate oak acorns, selected and prepared for sowing.
The diameter, length and mass of acorns were measured before and after scarification in four batches
of acorns harvested from uneven-aged trees (76, 91, 131 and 161 years). The measured parameters
were used to determine the correlations between acorn dimensions and mass, and to calculate the
dimensional scarification index and the mass scarification index in acorns. Individual complete
and scarified acorns from every batch were germinated on sand and peat substrate for 28 days.
The analyzed acorns were characterized by average size and mass. Scarification decreased acorn
mass by around 22% and acorn length by around 31% on average. Scarification and the elimination
of infected acorns increased germination capacity from around 64% to around 81% on average.
Acorns can be divided into size groups before scarification to obtain seed material with varied
germination capacity. Larger acorns with higher germination capacity can be used for sowing
in container nurseries, whereas smaller acorns with lower germination capacity can be sown in
open-field nurseries.

Keywords: Quercus robur L.; seed size; scarification index; germination

1. Introduction

Pedunculate oak (Quercus robur L.) is a tree species measuring up to 40 m in height and up to
3 m in diameter at breast height. It is the main, dominant or co-dominant species in mixed-species
forests, in particular in fresh mixed broadleaved forests, moist mixed broadleaved forests, fresh
broadleaved forests, moist broadleaved forests, riparian forests, moist upland forests and upland
forests [1]. Pedunculate oak is widely distributed throughout the European continent, excluding
northern Europe and parts of Mediterranean Europe [1–5]. The species thrives in fertile and moist
habitats, on loamy and sandy loam soils with high humus content and a moderately acidic or neutral
pH. On nutrient-poor soils, oaks have an irregular growth pattern, they are smaller, produce twisted
trunks and resemble shrubs [1,3].

Pedunculate oaks produce flowers and fruit at 40–50 years of age or even later (60–80 years) when
they are grown in dense stands. Acorns or oak nuts ripen in September or October. The common
name of Quercus robur is derived from the fact that the species produces several acorns per peduncle.
The peduncle measures 5 to 12 cm in length. They are ellipsoidal in shape, and they are enclosed by
woody cupules to one-third of their height. The hilum is located at the base of the acorn, and it is
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covered by the cupules. Fresh and rehydrated acorns have green and, subsequently, olive-brown stripes
which disappear with moisture loss. Oak trees shed acorns in October, and empty or worm-riddled
acorns are usually discarded first [2]. For this reason, acorns should be harvested only after the
first batch of nuts has been shed. Fresh acorns are characterized by high moisture content and high
susceptibility to fungal infections. Therefore, harvested acorns should be quickly transported to
a processing facility in open boxes, baskets or bags made of loose fabric of plastic mesh to enable
ventilation and prevent overheating [2].

In the processing plant, acorns are cleaned, sorted, immersed in water, subjected to heat treatment,
dried, dressed with fungicides and prepared for cold storage. Acorns are immersed in water to
remove weakly developed, damaged, almost empty and empty nuts. They are heated to eliminate
fungal spores, in particular Ciboria batschiana which is responsible for black rot and mummification of
acorns [6,7]. Acorns are immersed in water heated to a temperature of 41 ◦C for 2.5 h. The moisture
content of acorns should not drop below 40% by dry weight during processing. Processing temperature
has to be rigorously controlled because overheating decreases the germination capacity. Acorns with
moisture content higher than 45% can be dried. Acorns can be stored in non-tight containers at
a temperature of around −3 ◦C for up to two years without loss of germination capacity [2,7].

Pedunculate oak acorns do not enter winter dormancy. However, germination is strongly
suppressed, and the seed coat prevents water and air from penetrating the acorn. Germination can be
enhanced through scarification, namely the partial excision of the seed coat on the side of the hilum,
opposite the radicle [2,8]. In other plant species, the seed coat is also excised to promote germination.
The seed coat can be punctured, scarified with sharp sand, excised or removed chemically with
concentrated acid. Scarification is recommended in around 7% of tree species, including in the Persian
turpentine tree [9], honey locust [10], common myrtle [11], black velvet tamarind [12], black locust [13],
lebbeck tree [14], African locust bean [15], Judas tree [16], noni [17], afzelia and African teak [18].

According to Suszka et al. [2], pedunculate oak acorns are scarified by reducing their length
by one-third to one-quarter, usually with the use of shears or a grinding disc. Scarification exposes
the cotyledon and enables visual evaluation of acorn health. Mummified acorns are eliminated at
this stage [8,19]. Researchers are currently designing a robot system that will eliminate manual
sorting, increase scarification efficiency and maximize the percentage of healthy acorns in the sorted
batch [8,20–24]. Automated scarification will be a highly accurate process, and the removed portion of
the acorn will be minimized to guarantee the highest germination capacity.

The aim of this study was to determine the influence of acorn scarification on the germination
capacity of pedunculate oak acorns, selected and prepared for sowing.

2. Materials and Methods

2.1. Sample Preparation

The experiment was performed on pedunculate oak acorns harvested manually in uneven-aged
tree stands (76, 91, 131 and 161 years) in seed zone Dbs 20, a fresh mixed broadleaved forest in Szczytno
municipality in north-eastern Poland. Acorns were harvested with the use of collection nets between
10 and 14 October 2016. Each batch of harvested acorns was stored separately in non-heated and
well ventilated premises. Every day, acorns were shoveled into piles not exceeding 10 cm in height.
When the relative moisture content of acorns reached around 42%, acorns were subjected to heat
treatment by immersion in water with a temperature of 41 ◦C for 2.5 h. After the treatment, acorns
were surface dried, and samples of around 2 kg each were collected from every batch and refrigerated
at a temperature of around 5 ◦C. The remaining acorns were placed in plastic kegs and freeze stored
at a temperature of −3 ◦C. Two samples of 96 acorns each were selected from the refrigerated acorns
by the survey sampling method [25]. The size of each sample corresponded to the number of cells in
seeding containers.

47



Forests 2018, 9, 100

2.2. Determination of Physical Properties

The length L, diameter D (Figure 1) and mass m of every acorn were determined, and acorns from
one sample in each batch were scarified by reducing their length by one-quarter to one-third with
the use of shears. Acorn health was evaluated visually, and only acorns without visible symptoms of
pathological changes were used in the experiment. Rejected acorns were randomly replaced with new
acorns whose geometric properties and mass were determined. The length Ls and mass ms of scarified
acorns were measured.

 

D

L
L s

Figure 1. Acorn dimensions: D—diameter, L, Ls—length before and after scarification.

The length and diameter of acorns were measured with a caliper to the nearest 0.02 mm.
Acorn diameter was determined as the average of two measurements performed at the widest point,
perpendicular to the longitudinal axis. Acorn mass was determined with the Hornady 1500GR Bench
Scale (Hornady®, Grand Island, NE, USA) to the nearest 0.01 g.

The following parameters were determined in each acorn:

• arithmetic mean diameter Da and the geometric mean diameter Dg [26]:

Da =
2D + L

3
(1)

Dg =
(

D2 × L
)1/3

(2)

• specific mass mD [27]:

mD =
m
Dg

(3)

• shape factors K1 and K2 [26,28]:

K1 =
D
L

(4)

K2 =
Dg

L
(5)

• and in scarified acorns—the dimensional scarification index SL and the mass scarification index Sm:

SL =
L − Ls

L
(6)

Sm =
m − ms

m
(7)
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2.3. Comparative Germination of Complete and Scarified Acorns

Individual acorns, whose physical parameters had been determined previously, were placed in the
cell of plastic containers measuring 51 × 33 × 8 cm. Each container was composed of 96 square cells
measuring 4 × 4 cm. The cells were filled with sand and peat substrate (1:1) with approximate moisture
content of 55%, which was compacted by twice dropping the container on the floor from a height of
approximately 10 cm. Excess substrate was removed with a flat wooden slat positioned obliquely across
the container, in two perpendicular motions. Acorns were pushed into the substrate with the radicle up
and the upper portion of each acorn 2–3 mm below the edge of the cell, according to the method described
by Tylkowski and Bujarska-Borkowska [29]. Acorns were covered with a layer of the peat substrate,
and excess substrate was removed as described previously. The containers with the seeded acorns
were stored indoors at a temperature of around 20 ◦C and were exposed to artificial light for 8 h daily.
The germination test was carried out for 28 full days (from 14 November to 12 December 2016). The upper
surface of the cells and the substrate were sprayed with tap water (electric conductance—0.25 mS/cm)
once a day between 6 p.m. and 7 p.m. Acorns that were pushed up by the root at least 10 mm above
the upper edge of the cell were regarded as germinated. Germination capacity was determined as the
percentage of germinated acorns in the total number of tested acorns [2].

2.4. Statistical Analysis

The physical parameters of acorns were analyzed statistically in the Statistica PL program
(version 12.5, StatSoft Polska Sp. z o.o., Crakow, Poland) at a significance level of α = 0.05.
Differences between the measured parameters were determined by one-way ANOVA, and differences
in the physical parameters of complete and scarified acorns or germinated and non-germinated acorns
were determined by the Student’s t-test for independent samples. The normality of each group was
verified by the Shapiro–Wilk W-test, and the homogeneity of variance was assessed with Levene’s test.
Where the null hypothesis of equal population means was rejected, the significance of differences was
determined by Duncan’s test, and homogenous groups were identified [30].

3. Results

3.1. Experimental Material

The physical parameters of acorns from the analyzed batches (harvested from uneven-aged tree
stands) are presented in Table 1. The average values of the measured parameters were determined
in the following ranges: length—28.10–28.82 mm, diameter—16.25–16.54 mm, mass—4.35–4.87 g,
arithmetic mean diameter—20.21–20.63 mm, geometric mean diameter—19.49–19.88 mm, specific
mass—0.22–0.24 g mm−1, shape factor K1—0.58, shape factor K2—0.69–0.70. Acorns from the evaluated
batches differed most significantly in length and mass. The analyzed acorns did not differ significantly
in diameter, arithmetic and geometric mean diameter, specific mass and shape factors K1 and K2.
The results of the analysis revealed that the largest acorns were harvested from a 76-year-old tree stand,
and the smallest acorns were harvested from a 91-year-old tree stand.

3.2. Germination Capacity of Acorns

The germination capacity (Figure 2) of complete acorns was estimated in the range of 61%
(batch O-91) to 66% (batches O-76 and O-161), which places the evaluated material in quality class
I (germination capacity of 61–100%). Scarification and the removal of infected acorns increased
germination capacity from around 77% (batch O-161) to around 86% (batch O-76), i.e., by around
16 percentage points on average. It should be noted that germination capacity was not significantly
influenced by the age of the parent tree stand.
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Table 1. Statistical distribution of the physical properties (mean value ± standard deviation) of acorns
and significant differences between batches.

Property/Indicator
Acorn Batch

O-76 O-91 O-131 O-161

Length (mm) 28.82 ± 2.20 b 28.10 ± 2.36 a 28.74 ± 2.41 ab 28.49 ± 2.88 ab

Diameter (mm) 16.54 ± 1.62 a 16.27 ± 1.52 a 16.53 ± 1.53 a 16.25 ± 1.56 a

Mass (g) 4.87 ± 1.16 b 4.35 ± 0.98 a 4.61 ± 1.22 ab 4.43 ± 1.12 a

Arithm. mean diameter (mm) 20.63 ± 1.50 a 20.21 ± 1.39 a 20.60 ± 1.53 a 20.33 ± 1.57 a

Geom. mean diameter (mm) 19.88 ± 1.55 a 19.49 ± 1.41 a 19.86 ± 1.53 a 19.56 ± 1.55 a

Specific mass (g mm−1) 0.24 ± 0.04 a 0.22 ± 0.04 a 0.23 ± 0.04 a 0.22 ± 0.04 a

Shape factor K1 (-) 0.58 ± 0.06 a 0.58 ± 0.07 a 0.58 ± 0.06 a 0.58 ± 0.07 a

Shape factor K2 (-) 0.69 ± 0.05 a 0.70 ± 0.05 a 0.69 ± 0.05 a 0.69 ± 0.06 a

a,b—superscript letters denote significant differences between the corresponding properties (indicators).

Figure 2. Germination capacity of complete and scarified pedunculate oak acorns.

The results of the Student’s t-test for independent samples revealed that germinated and
non-germinated complete acorns from four batches (Figure 3) differed mainly in average length
and arithmetic mean diameter. In three batches (excluding O-91), significant differences were also
observed in diameter, mass, geometric mean diameter and specific mass. Unlike in the remaining
batches, germinated acorns in batch O-91 had a somewhat different shape than non-germinated acorns.
These acorns were slimmer, and their average shape factor values were lower than those determined
in non-germinated acorns. An analysis of the physical parameters of the evaluated acorns revealed
that up to 2% of the shortest acorns can be removed from each batch without a loss of germinating
complete acorns. The above will increase germination capacity by around 1.5 percentage points on
average. The greatest improvement could be achieved in batch O-161 where the removal of around
15% of the shortest acorns would increase germination capacity from around 65% to around 76%.
However, the above would lead to the loss of around 3% of viable acorns.

The results of the Student’s t-test for independent samples revealed that germinated and
non-germinated acorns from four batches of scarified material (Figure 4) differed in length, diameter,
mass, arithmetic and geometric mean diameter, and specific mass. The above parameters were higher
in germinated than in non-germinated acorns. In most cases (excluding batch O-91), no significant
differences in shape were observed in germinated or non-germinated acorns. An analysis of the
measured physical parameters revealed that the elimination of non-germinating acorns always leads
to a certain loss of viable acorns.
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3.3. Evaluation of Scarification Treatment

The statistical distribution of scarification index values is presented in Table 2. Scarification
reduced acorn length by 15% to 42% (31% on average) and decreased acorn mass by 12% to 35%
(22% on average). Batch O-76 differed significantly from the remaining acorn batches in terms of the
dimensional scarification index. Batch O-91 differed significantly from the remaining acorn batches in
terms of the mass scarification index. The coefficient of variation of the above parameters ranged from
9.54% to 19.47%.

(A) (B) 

 
(C) 

 
(D) 

 
(E) 

 
(F) 

 
(G) 

 
(H) 

Figure 3. Significance of differences in the length (A), diameter (B), mass (C), arithmetic mean
diameter (D), geometric mean diameter (E), specific mass (F), shape factor K1 (G) and shape factor
K2 (H) of germinated and non-germinated complete acorns; a, b—different letters denote statistically
significant differences.
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(A) (B) 

(C) (D) 

(E) (F) 

(G) (H) 

Figure 4. Significance of differences in the length (A), diameter (B), mass (C), arithmetic mean diameter
(D), geometric mean diameter (E), specific mass (F), shape factor K1 (G) and shape factor K2 (H)
of germinated and non-germinated acorns subjected to scarification; a, b—different letters denote
statistically significant differences.
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Table 2. Statistical distribution and significant differences in the scarification index of acorns from
four batches.

Scarification
Index

Acorn Batch
Value of Trait Standard

Deviation of Trait

Coefficient of Trait
Variability (%)

Minimum Maximum Average

Dimensional SL

O-76 0.15 0.39 0.28 a 0.046 16.18
O-91 0.19 0.40 0.32 b 0.041 12.69
O-131 0.24 0.42 0.32 b 0.031 9.77
O-161 0.22 0.38 0.31 b 0.030 9.54

Mass Sm

O-76 0.12 0.35 0.22 a 0.043 19.47
O-91 0.13 0.33 0.24 b 0.043 18.16
O-131 0.13 0.33 0.22 a 0.034 15.64
O-161 0.14 0.33 0.22 a 0.042 19.23

a,b—superscript letters denote significant differences between the corresponding properties.

The scarification index of acorns that germinated and acorns that did not germinate
during the 28-day germination test is analyzed in Figure 5. No significant differences in the
dimensional scarification index were found in either group in all batches, which indicates that
the degree of scarification did not influence germination. In batches O-91 and O-161, minor
(but statistically significant) differences were observed in the mass scarification index of germinated
and non-germinated acorns, where non-germinated acorns lost more mass than germinated acorns.

(A) (B) 

Figure 5. Significance of differences in the dimensional (A) and mass (B) scarification
index of germinated and non-germinated acorns: a, b—different letters denote statistically
significant differences.

3.4. Germination Capacity of Scarified Acorns

The germination capacity of scarified acorns divided into three size groups based on their diameter
is presented in Figure 6. The germination capacity of the smallest acorns ranged from around 33%
(batch O-131) to around 73% (batch O-76). The largest acorns were characterized by the highest
germination capacity in the estimated range of 89% (batch O-161) to 100% (batch O-91).

Similar relationships were noted when acorns were divided into two size groups based on their
diameter (Figure 7). Germination capacity ranged from around 59% (batch O-91) to around 83%
(batch O-76) in acorns measuring up to 16 mm in diameter, and it exceeded 90% in acorns with
a diameter larger than 16 mm.
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In most cases, the above size groups did not differ significantly in their scarification index
(Figure 8). Differences in the values of the dimensional scarification index were noted only in batch
O-76, and differences in the values of the mass scarification index were found only in batch O-161.

Figure 6. Germination capacity of pedunculate oak acorns divided into three size groups.

Figure 7. Germination capacity of pedunculate oak acorns divided into two size groups.

(A) (B) 

Figure 8. Significance of differences in the dimensional (A) and mass (B) scarification index of acorns
measuring up to 16 mm and more than 16 mm in diameter: a, b—different letters denote statistically
significant differences.
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The germination capacity of the analyzed size groups relative to the values of the dimensional
scarification index is presented in Table 3. These groups differed significantly in their germination
capacity which ranged from 0% to even 100%. The scarification index and germination capacity were
not directly correlated within the analyzed range of values of the dimensional scarification index.
In the group of acorns measuring up to 16 mm in diameter, germination capacity exceeded 90% in
acorns with a scarification index of 0.31 to 0.35 (batch O-76) and in acorns with a scarification index
higher than 0.35 (batches O-131 and O-161). Acorns measuring more than 16 mm in diameter were
characterized by significantly higher germination capacity which did not drop below 84% regardless
of the value of the scarification index.

Table 3. Germination capacity of acorns from different size groups relative to their dimensional
scarification index.

Acorn Batch Size Group
Germination Capacity of Acorns with Dimensional Scarification Index SL:

≤0.25 0.26–0.30 0.31–0.35 >0.35

O-76
D ≤ 16 mm 60.0 83.3 92.7 75.0
D > 16 mm 100.0 84.2 92.2 -

Total 88.2 83.6 92.3 75.0

O-91
D ≤ 16 mm 0 63.6 57.9 60.0
D > 16 mm 100.0 88.9 95.8 88.9

Total 80.0 79.3 79.1 73.7

O-131
D ≤ 16 mm - 50.0 70.4 100.0
D > 16 mm 100.0 94.4 96.3 100.0

Total 100.0 76.7 81.8 100.0

O-161
D ≤ 16 mm 33.3 64.7 64.0 100.0
D > 16 mm - 81.0 100.0 100.0

Total 33.3 73.2 78.6 100.0

Similar results were noted in an analysis of the mass scarification index (Table 4). The germination
capacity of different size groups ranged from 0% to 100%, and germination capacity was not directly
correlated with the scarification index. In most acorns measuring more than 16 mm in diameter
(excluding acorns from batch O-161 with a scarification index of 0.26 to 0.30), germination capacity
exceeded 80%, and it reached 100% in 11 out of 19 cases. In acorns measuring up to 16 mm in diameter,
germination capacity was highest when the scarification index was below 0.15 (batches O-91 and
O-131), 0.16–0.20 (batch O-131) and above 0.30 (batch O-76).

Table 4. Germination capacity of acorns from different size groups relative to their mass
scarification index.

Acorn Batch Size Group
Germination Capacity of Acorns with Mass Scarification Index Sm:

≤0.15 0.16–0.20 0.21–0.25 0.26–0.30 >0.30

O-76
D ≤ 16 mm 66.6 82.3 82.6 88.9 100.0
D > 16 mm 100.0 100.0 81.0 100.0 100.0

Total 83.3 90.3 81.8 91.7 100.0

O-91
D ≤ 16 mm 100.0 66.7 66.7 42.9 50.0
D > 16 mm 100.0 92.3 96.4 90.0 66.7

Total 100.0 87.5 84.8 62.5 57.1

O-131
D ≤ 16 mm 0 93.3 40.0 63.6 -
D > 16 mm 100.0 100.0 93.1 100.0 100.0

Total 50.0 97.1 75.0 73.3 100.0

O-161
D ≤ 16 mm 100.0 50.0 79.2 57.1 0
D > 16 mm 100.0 100.0 81.3 75.0 -

Total 100.0 82.8 80.0 61.1 0
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4. Discussion

An analysis of the physical parameters of acorns harvested from uneven-aged tree stands revealed
that the largest acorns were harvested from 76-year-old trees and the smallest acorns were harvested
from 91-year-old trees. Despite significant differences in length and mass, the acorns from the above
batches were characterized by similar diameter and shape. Acorns were harvested from tree stands
in the same geographical location; therefore, differences in acorn size can probably be attributed to
genetic variations which significantly influence the physical properties of seeds [31–33]. In the current
study, the age of the parent tree stand (76 to 161 years) did not exert a significant influence on the
physical parameters of acorns. Different results were reported by Kaliniewicz et al. [34] in Scotts pine
where the physical dimensions and mass of seeds decreased with the age of parent trees. Similar trends
were noted by Suszka et al. [2] based on long-term observations of tree stands rather than a comparison
of the physical properties of acorns harvested from uneven-aged tree stands where genetic variations
could play a key role. The significant influence of tree age on the physical parameters of seeds was also
noted in a study of Norway spruce, but the nature of the observed changes was difficult to describe
due to the disrupting influence of genetic factors [35]. In the present experiment, the dimensions
and mass of pedunculate oak acorns were within the range of values reported by Suszka et al. [2],
Nikolić and Orlović [36] and Tylkowski and Bujarska-Borkowska [29]. The evaluated acorns were
somewhat smaller than those harvested in southern Poland [8,37] and in Serbia [38]. Seed size and
mass generally decrease in northern regions of the globe [39–41].

In terms of germination capacity, acorns from uneven-aged tree stands were within the lower
range of values in quality class I (61.5–65.6%). Thermal treatment was effective in preventing fungal
diseases and acorn mummification, but failed to eliminate already infected and partially damaged
acorns from the processed batches. According to Tylek [37] and Tylek et al. [42], small and large acorns
are equally susceptible to fungal infections; therefore, they cannot be effectively separated based on
their geometric parameters or shape. The results of the present study indicate that germination capacity
can be somewhat improved (by around 1.5 percentage points) by eliminating around 2% of the shortest
acorns from each batch. Scarification was a more effective treatment which increased germination
capacity from around 64% to around 81%. Similar results were reported by Giertych and Suszka [19].
During scarification, the seed coat and cotyledons are partially removed, which improves water
penetration and aeration, thus accelerating germination. Symptoms of disease are also more visible
in scarified acorns which can be removed from the batch. Unlike the seeds of other forest trees [43],
pedunculate oak acorns cannot be sorted effectively based on physical parameters; therefore, the optical
parameters of acorn cross-sections could be used as an innovative selection trait. Optical parameters
cannot be reliably evaluated by the naked eye, which is why an automated scarification device with
a vision system has been developed [8,24] to identify early symptoms of disease, eliminate damaged
acorns and increase germination capacity by up to 10% relative to manually processed material.
However, evaluations of acorn health can be compromised by two types of errors. Firstly, acorns with
normally developed cotyledons are often classified as healthy despite the presence of necrotic changes
in the radicle, which are not visible to the evaluator. Secondly, acorns with damaged cotyledons can be
classified as unfit for sowing even when the radicle is healthy and potentially capable of germinating.
Nonetheless, the germination capacity of acorns is influenced mainly by the severity of pathological
changes and effective removal of non-viable acorns. Some batches contain up to several dozen percent
of damaged acorns [6].

Seed batches for sowing should contain both small and large acorns to preserve the genetic
diversity of the future generations [2]. Gradual removal of small acorns can lead to the elimination
of acorns produced by old trees, which are best adapted to a given habitat, local soil and weather
conditions. For this reason, the quality of seed material can be more effectively improved through
scarification than through the elimination of the shortest acorns—a procedure that induces only a minor
increase in germination capacity (around 1.5 percentage points in the analyzed case).
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According to Tylkowski and Bujarska-Borkowski [29], pedunculate oak acorns should be sorted
based on size before planting. Acorn mass is positively correlated with seedling size [44–49];
therefore, similarly sized acorns should be planted separately to promote even emergence of seedlings.
The results of the present study also demonstrate that acorns should be sorted into size groups
before scarification and sowing. Germination capacity decreased with a decrease in acorn diameter,
which implies that the seeding rate of acorns from different size groups should be adjusted accordingly
to obtain the required number of seedlings. Larger acorns with a higher germination capacity (>90%)
should be used mainly in container nurseries, whereas smaller acorns should be sown in open-field
nurseries. The seeding rate should be determined based on the germination capacity of acorns.
Acorns are easy to separate with the use of conventional sorting devices, and mesh sieves with
longitudinal openings are particularly recommended for separating acorns into size groups based on
their diameter.

Acorns with partially excised seed cover and cotyledons germinate faster [2,8,19,50]. This is
a particularly important consideration in container nurseries where the growth cycle is relatively
short and where polyethylene tents are used several times during the growing season. In the current
study, the variations in the values of the dimensional scarification index (0.15 to 0.42) and the mass
scarification index (0.12 to 0.35) did not influence the germination capacity of differently sized acorns.
Shi et al. [51] reported the best results where acorns were reduced in length by one-third to one-half.
In the cited study, scarification increased fertilizer absorption by oak acorns and seedlings grown in
a nursery. According to Giertych and Suszka [19] and Tadeusiewicz et al. [8], the reduction in acorn
mass during scarification should not exceed 20%. More extensive scarification increases the accuracy of
health assessments, but it also compromises seedling growth. The presence of intact nutrient reserves
in acorns promotes embryonic development, increases seedling resistance to adverse environmental
factors and improves the morphological parameters of developing plants [19,50,52].

5. Conclusions

The results of this study indicate that the age of parent pedunculate oak trees (76 to 161 years) generally
does not influence the physical parameters or the germination capacity of acorns. The germination capacity
of complete acorns ranged from 61.5% to 65.6%. Up to 2% of the shortest acorns can be removed from the
processed batch without the loss of germinating acorns.

Scarification and the elimination of acorns with symptoms of disease are the most effective
methods of improving the quality of pedunculate oak acorns for sowing. The above treatments
increased the germination capacity of acorns from around 64% to around 81%. Germination capacity
was not correlated with the dimensional scarification index (15% to 42%) or the mass scarification
index (12% to 35%).

The germination capacity of scarified acorns was correlated with their diameter. Acorns should
be sorted into size groups before scarification and sowing to promote even seedling emergence.
The germination capacity of acorns with the largest diameter (e.g., above 16 mm) exceeds 90%,
and these acorns are recommended for sowing in container nurseries. Acorns with the smallest
diameter (up to 16 mm) are characterized by lower germination capacity (around 58% to 83%), and they
are more suited for sowing in open-field nurseries where the seeding rate should be determined based
on the germination capacity of a given acorn batch.
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23. Przybyło, J.; Jabłoński, M.; Pociecha, D.; Tadeusiewicz, R.; Piłat, A.; Walczyk, J.; Kiełbasa, P.; Szczepaniak, J.;
Adamczyk, F. Application of model-based design in algorithms’ prototyping for experimental acorn
scarification rig. J. Res. Appl. Agric. Eng. 2017, 62, 166–170.

24. Tadeusiewicz, R.; Tylek, P.; Adamczyk, F.; Kiełbasa, P.; Jabłoński, M.; Bubliński, Z.; Grabska-Chrząstowska, J.;
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Abstract: Conventional Appalachian surface-mine reclamation techniques repress natural forest
regeneration, and tree plantings are often necessary for reforestation. Reclaimed Appalachian
surface mines harbor a suite of mammal herbivores that forage on recently planted seedlings.
Anecdotal reports across Appalachia have implicated herbivory in the hindrance and failure of
reforestation efforts, yet empirical evaluation of herbivory impacts on planted seedling vitality in this
region remains relatively uninitiated. First growing-season survival, height growth, and mammal
herbivory damage of black locust (Robinia pseudoacacia L.), shortleaf pine (Pinus echinata Mill.), and
white oak (Quercus alba L.) are presented in response to varying intensities of herbivore exclusion.
Seedling survival was generally high, and height growth was positive for all species. The highest
herbivory incidence of all tree species was observed in treatments offering no herbivore exclusion.
While seedling protectors lowered herbivory incidence compared with no exclusion, full exclusion
treatments resulted in the greatest reduction of herbivore damage. Although herbivory from rabbits,
small mammals, and domestic animals was observed, cervids (deer and elk) were responsible for
95.8% of all damaged seedlings. This study indicates that cervids forage heavily on planted seedlings
during the first growing-season, but exclusion is effective at reducing herbivory.

Keywords: mine reclamation; browse; black locust; shortleaf pine; white oak; elk; white-tailed deer;
rabbit; small mammal

1. Introduction

Surface mining for coal has negatively impacted forest resources across Appalachia, including
the loss of over 1.1 million ha of forests [1] and the fragmentation of at least an additional 1 million
ha [2,3]. Federal regulations of the Surface Mining Control and Reclamation Act of 1977 (SMCRA) led
to reclamation methods that, while intended to limit soil destabilization and water-quality impairment,
resulted in compacted post-mining landscapes that greatly hinder forest regeneration. Compacted mine
soils inhibit water infiltration, increase the frequency of ponding, and suppress root spreading [4–6],
which diminishes water and nutrient absorption and root anchoring ability critical for vertical stability
with tree maturation [7]. Post-mining vegetation communities in Appalachia are typically composed
of planted invasive, exotic woody and herbaceous species (e.g., autumn-olive (Elaeagnus umbellata
Thunb.), sericea lespedeza (Lespedeza cuneata (Dum. Cours.) G. Don), and multi-flora rose (Rosa
multiflora Thunb.)) that rapidly colonize disturbed areas and outcompete native pioneer species [8–10].
Additionally, intensive vegetation control in popular agricultural post-mining land-uses, such as
hayland pasture and crop production, can preclude forest succession and reforestation efforts.
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Motivated by the exigencies of mine reforestation under conventional reclamation standards,
a multi-disciplinary group of investigators initiated a large-scale study of techniques that would
improve the favorability of post-mining landscapes for reforestation [11]. The Forestry Reclamation
Approach (FRA) advocates a broad five-step method for mine reforestation that includes site
preparation to create adequate rooting media and the use of proper tree planting techniques [11,12].
Heavy machinery is typically used to reduce pre-existing competing vegetation and alleviate soil
compaction to create proper rooting media for planted seedlings. Restoration of native forests on
reclaimed mined lands is reliant upon artificial regeneration. Distance to native seed sources, absence
of soil seed bank, and abundant seed availability from non-native invasive species often hinder natural
regeneration and necessitate tree planting to commence forest growth. However, after planting,
seedlings are subject to a variety of factors that can decrease survival, growth, and subsequent forest
maturation, of which herbivory can be among the most impactful.

Herbivory can greatly influence vegetation communities. Individual plant factors, such as species,
life stage, nutrient quality, and defensive chemical potency [13–16], contribute to the extent of herbivore
damage to plant communities. Community-level impacts, including floral dynamics [17,18], herbivory
timing and intensity [19,20], and trophic interactions [21,22], also dictate the influence of herbivory.
The loss of apex predators in the eastern U.S. has aided in the overabundance of primary consumers,
specifically white-tailed deer (Odocoileus virginianus Zimmermann), a species noted for its impact on
plant composition and structure in eastern U.S. ecosystems, including the biodiverse mixed-mesophytic
forests of Appalachia [23]. Vulnerable plants, such as American ginseng (Panax quinquefolius L.) and
several understory forbs, have experienced sharp declines in numbers and population viability as a
result of increased deer browsing [14,24,25]. Areas with high deer densities commonly experience
regenerating forests with compositions reflective of differences in plant species palatability and
defensive mechanisms to reduce browsing; less palatable and more defensive plant species become
more common in these areas, which dictates compositional and structural changes manifested with
forest aging [26].

Herbivory can be particularly detrimental to newly established tree plantations. Artificial
regeneration is often selected to alter pre-existing cohort species compositions, to reforest (or afforest) a
non-forested area, and/or to accelerate the rate of regeneration. Therefore, plantation failure can prove
both ecologically and financially costly, especially to highly denatured surface-mined lands where tree
planting is vital to successful reforestation. Recently, herbivore damage of reforested seedlings has
been implicated in the widespread damage to several FRA plantings across Appalachia [27]. However,
aside from anecdotal claims and isolated information in a few published studies [28,29], a formal
investigation of herbivory impacts on mine reforestation remains lacking. We present the first empirical
study of herbivory damage to tree seedlings planted under the FRA on reclaimed Appalachian mined
lands. We examined survival, height growth, and relative cause-specific herbivory of black locust
(Robinia pseudoacacia L.), shortleaf pine (Pinus echinata Mill.), and white oak (Quercus alba L.) seedlings
in response to herbivore exclusion.

2. Materials and Methods

2.1. Plot Design and Data Collection

We selected four ~0.4-ha sites across a complex of surface-mined tracts owned by the
University of Kentucky in Breathitt County, KY, USA (Figure 1). Following FRA site preparation
recommendations [12], each of the sites was bulldozed to reduce pre-existing vegetation (primarily
invasive, exotic species), and compacted soils were ripped with a ripping shank mounted behind
a Caterpillar D-11 bulldozer. Each site was partitioned into three, 36-m square plots, and ~108 1-0
bare-root seedlings of each of black locust, shortleaf pine, and white oak were planted randomly in rows
on a 2-m spacing within each plot (4 sites × 3 plots/site = 12 plots). Seedlings were purchased from
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the Kentucky Division of Forestry nursery and were planted by experienced reforestation contractors
in March 2017.

Figure 1. Study location prior to site preparation, Breathitt County, KY, USA. Exotic shrubs and
conifers were common in the two western plot locations, and vegetation was relatively absent in the
eastern plots.

Similar to many legacy mined lands across Appalachia, the study site harbors a number
of herbivores capable of damaging planted seedlings, including elk (Cervus canadensis Erxleben),
white-tailed deer, rabbits (Sylvilagus spp.), and small mammals. Small mammal communities across
study sites were predominantly composed of white-footed mice (Peromyscus leucopus Rafinesque)
[Z. Hackworth, unpublished data], which is consistent with prior work on adjacent mined lands in
eastern Kentucky [30]. The study site also harbors a semi-feral horse (Equus ferus caballus L.) population
and, occasionally, domestic cattle (Bos taurus L.) that have escaped from neighboring properties. Since
domestic animal occupancy of abandoned mined lands is common throughout Appalachia and
confirmed in our study area, damage caused by this group was included in the analysis. We were only
interested in seedling damage mediated by mammal herbivores and did not examine herbivory from
other taxa (e.g., insects).

A randomized complete block experimental design was used, whereby each plot within a site was
randomly prescribed one of three herbivore exclusion treatments: no exclusion, seedling protectors,
or full exclusion. The no exclusion treatment served as the control within a site replicate and offered
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unobstructed access to all herbivores. Within plots assigned protector treatments, an 8.5-cm × 46-cm
(diameter x height) plastic diamond-mesh seedling protector (Forestry Suppliers, Jackson, MS, USA)
was installed around each seedling, the base of which was entrenched in the soil 2–3 cm below the
surface, and was anchored with a bamboo stake. Protector plots were designed to exclude small
mammals and rabbits, but allow ungulate herbivory. In full exclusion treatments, a 2.4-m fence
constructed from treated wooden posts and 12.5-gauge woven wire (Kencove Farm Fence Supplies,
Blairsville, PA, USA) was installed around the perimeter of the plot, and each seedling within the
plot was surrounded by a seedling protector according to the protocol implemented for protector
treatments. Full exclusion was designed to prohibit seedling access to all aboveground mammal
herbivores of interest to this study.

Soil samples were collected from all experimental plots to determine variability in edaphic
characteristics across the experiment. Each plot was halved longitudinally, and a sample aggregated
from three random subsamples was collected from each half of the plot prior to planting. Soil samples
were analyzed for the following soil parameters: pH, P, K, Ca, Mg, Zn, N, and exchangeable K, Ca, Mg,
and Na. Soil pH was calculated in a 1:1 soil:water solution [31]. P, K, Ca, Mg, and Zn concentrations
were extracted via Mehlich III [32]. Relative sand, silt, and clay percentages were calculated with the
micropipette method [33]. Exchangeable nutrient concentrations were determined after ammonium
acetate extraction with ICP [32]. Total N (%) was evaluated with a LECO CHN-2000 Analyzer (LECO
Corporation, St. Joseph, MI, USA). Cation exchange capacity was assessed by the ammonium acetate
method at pH 3 [34]. Soil parameter differences among exclusion treatments were compared via
a linear mixed-effect model with exclusion treatment as a fixed effect and site as a random effect.
Significant differences were evaluated using a Type III ANOVA model. No significant differences
among exclusion treatments were observed for any of the selected soil parameters (Table 1).

Table 1. Edaphic characteristics (Mean ± SE) across herbivore exclusion treatments on reclaimed mined
lands in southeastern KY. No significant differences among exclusion treatments were detected for any
of the soil parameters based upon individual Type III ANOVA models and a 0.05 significance level.

Treatment

Parameter No Exclusion Protector Full Exclusion

Soil pH 5.60 ± 0.52 5.62 ± 0.75 6.08 ± 0.69
P (mg/kg) 5.94 ± 0.91 11.19 ± 6.06 6.00 ± 1.01
K (mg/kg) 71.06 ± 17.17 65.81 ± 14.32 63.94 ± 12.11
Ca (mg/kg) 580.13 ± 168.38 653.44 ± 183.04 640.44 ± 163.42
Mg (mg/kg) 251.19 ± 83.16 225.38 ± 75.81 269.06 ± 73.44
Zn (mg/kg) 3.65 ± 1.35 3.49 ± 1.49 3.49 ± 1.16
Total N (%) 0.07 ± 0.03 0.10 ± 0.06 0.08 ± 0.03

Sand (%) 52.18 ± 10.14 56.85 ± 8.48 57.25 ± 8.43
Silt (%) 33.38 ± 7.94 29.10 ± 6.31 39.33 ± 6.24

Clay (%) 14.44 ± 2.28 14.05 ± 2.37 13.42 ± 2.20
CEC * (meq/100 g) 7.09 ± 1.25 6.91 ± 1.40 6.65 ± 1.47

Exch † K (meq/100 g) 0.20 ± 0.05 0.18 ± 0.04 0.18 ± 0.04
Exch Ca (meq/100 g) 2.97 ± 1.00 3.11 ± 0.93 3.49 ± 1.01
Exch Mg (meq/100 g) 1.94 ± 0.74 1.69 ±0.64 2.17 ± 0.68
Exch Na (meq/100 g) 0.02 ± 0.003 0.02 ± 0.001 0.02 ± 0.004

* CEC indicates cation exchange capacity. † Exch indicates exchangeable.

First growing-season survival, height growth, and herbivore damage of seedlings were monitored
via a series of seedling assessments. In May 2017, each seedling was assessed for survival, and
the initial heights of all seedlings were measured. In October 2017, the end-of-growing-season
survival of all seedlings was recorded, and the height of all seedlings was remeasured. Seedling
heights were measured from the ground line to the tip of the apical bud of the tallest seedling
branch. In February 2018, each seedling was evaluated for the presence of mammal herbivory to
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assess cumulative herbivory across all seasons. Herbivory indicators were categorized into four
cause-specific groups: cervids, rabbits, small mammals, and domestic animals. Elk and deer produced
nearly identical browse indicators, and, since one-year-old seedlings were below the “browse line”
of both species, herbivory could not be distinguished between them and was, therefore, classified as
“cervids”. Cervid herbivory was typically identified by the damage or removal of shoot terminal buds
which left a characteristically ragged edge due to the lack of upper incisors and biting of the bottom
teeth against the upper lip pad. A clean, angular branch severance near the base of the seedling or
complete seedling severance near the ground was attributed to rabbit herbivory. Basal bark gnawing
was considered characteristic of small mammal herbivory.

Since herbicide was not employed during site preparation, regrowing competing vegetation could
impact seedling survival and growth. However, fencing in full exclusion treatments may produce
taller competing vegetation heights due to the exclusion of large herbivores. Height of competing
vegetation was measured via ten random subsamples within each experimental plot in October 2018.
Mean vegetation height of treatments without fencing (i.e., no exclusion and protector treatments) was
54.2 cm, and mean height of vegetation within full exclusion treatments was 75.9 cm, indicating that
fencing promotes higher levels of competing vegetation compared with non-fenced treatments.

2.2. Statistical Analysis

First-year seedling survival, height growth, and herbivory damage were evaluated using a model
with species and exclusion treatment as the main effects, a species x treatment interaction term,
and site as a random effect. All analyses were performed in Program R 3.4 [35]: generalized linear
models were fit using functions in the “lme4” package [36]; overall species and treatment effects were
evaluated using a Type III ANOVA model within the “car” package [37]; and differences among levels
in significant main effects were calculated with Tukey-corrected pairwise comparisons in the “lsmeans”
package [38]. A 0.05 significance level was observed for all statistical tests.

Using survival data collected in the May and October 2017 assessments, first growing-season
survival was calculated per the following formula:

Survival =
Seedlings alive October 2017
Seedlings counted May 2017

. (1)

To elucidate plot-level survival differences among tree species and herbivore exclusion treatments,
survival was tested as the response variable in a mixed-effect generalized linear model using the
binomial distribution and logit link function.

With seedling height data collected in the May and October 2017 assessments, plot-level height
growth of live seedlings was calculated per the following formula:

Growth = Mean Height October 2017 − Mean Height May 2017 (2)

Height growth was analyzed using a linear mixed-effect model, and a natural logarithmic
transformation of growth was used as the response variable to satisfy model assumptions.

With February 2018 seedling data, the proportion of herbivory-damaged trees was calculated as:

Herbivory =
Seedlings damaged
Seedlings assessed

. (3)

Herbivory was first modeled via a mixed-effect generalized linear model using a binomial
distribution and logit link function with species and exclusion treatment as the main effects, a species
x treatment interaction, and site as a random effect. However, due to model non-convergence, the
random effect was removed, and the model was refit with only fixed effects.
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3. Results

3.1. Survival

Survival estimates from the first growing-season (May–October) are presented in Table 2.
A significant interaction was observed for mean survival between tree species and exclusion treatment
(χ2 = 28.6, p < 0.001). Black locust demonstrated higher mean survival in protector (80.3%) and full
exclusion (81.7%) treatments compared with no exclusion treatments (73.1%). Shortleaf pine survival
was low across all treatments: while mean survival was similar in no exclusion (37.8%) and protector
(36.5%) treatments, and shortleaf pines in full exclusion plots exhibited lower survival (28.5%). White
oak survival was higher in protector (80.5%) and full exclusion (80.5%) treatments compared with no
exclusion treatments (68.2%). In no exclusion treatments, black locust and white oak survivals were
higher than that of shortleaf pine. Similarly, in protector and full exclusion treatments, no significant
differences were present in black locust and white oak survival; however, survivals of both species
were higher than that of shortleaf pine.

Table 2. First growing-season seedling survival (%; Mean ± SE) among tree species and exclusion
treatments on reclaimed mined lands in southeastern KY. Means with differing letters indicate
significant differences among exclusion treatments within a species, and means with different symbols
indicate significant differences among species within an exclusion treatment, as determined via Type
III ANOVA and subsequent Tukey-corrected pairwise comparisons at a 0.05 significance level.

Treatment

Species No Exclusion Protector Full Exclusion

Black Locust 73.1b * ± 10.6 80.3a * ± 6.0 81.7a * ± 9.9
Shortleaf Pine 37.8a † ± 10.0 36.5a † ± 9.7 28.5b † ± 8.7

White Oak 68.2b * ± 10.4 80.5a * ± 5.3 80.5a * ± 6.0

3.2. Height Growth

The Type III ANOVA model testing for differences in mean height between tree species and
exclusion treatments provided little evidence for an interaction (χ2 = 3.5, p = 0.463). After removing
the interaction term and refitting the model, tree species (χ2 = 57.0, p < 0.001) and exclusion treatment
(χ2 = 10.4, p = 0.005) were found to be significant in predicting height growth. Among tree species,
mean height growth of black locusts (30.3 cm) was significantly greater than that of shortleaf pine
(11.9 cm) and white oak (8.6 cm); there was no difference in mean height growth between shortleaf
pine and white oak (Figure 2). Protector treatments (mean = 20.3 cm) sustained significantly higher
mean height growth compared with full exclusion treatments (mean = 13.5 cm; Figure 2). Significant
differences were not present between protector and no exclusion treatments (mean = 17.0 cm) or
between full exclusion and no exclusion treatments.
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Figure 2. First growing-season height growth (Mean ± SE) among (A) tree species and (B) herbivore
exclusion treatments on reclaimed Appalachian mined lands in southeastern KY. Different letters
indicate significant differences among effect level means.

3.3. Herbivory

A significant interaction was present between tree species and exclusion treatment in modeling
herbivory incidence (χ2 = 105.5, p < 0.001). Post-hoc pairwise comparisons demonstrated similar
within-species trends for herbivore exclusion treatments: within each species, no exclusion treatments
contained the highest herbivory percentages, followed by protector treatments, and full exclusion
treatments (Table 3). Within no exclusion plots, black locust was damaged most frequently (85.1%);
white oak herbivory was significantly lower (72.6%); and shortleaf pine was the least damaged of all
species (34.1%). Black locust was the species damaged most often in protector treatments (73.8%);
white oak seedlings were damaged less frequently (51.1%); and shortleaf pine damage was the least
damaged of all species (2.9%). In full exclusion plots, herbivory was generally low: white oak was
damaged most frequently (14.8%); black locust damage was lower (3.8%); and shortleaf pine herbivory
in full exclusion plots was nearly absent (0.2%).

Table 3. First-year mammal herbivory incidence (%; Mean ± SE) among tree species and exclusion
treatments on reclaimed mined lands in southeastern Kentucky. Means with differing letters indicate
significant differences among exclusion treatments within a species, and means with different symbols
indicate significant differences among species within an exclusion treatment, as determined via Type
III ANOVA and subsequent Tukey-corrected pairwise comparisons at a 0.05 significance level.

Treatment

Species No Exclusion Protector Full Exclusion

Black Locust 85.1a * ± 2.7 73.8b * ± 6.7 3.8c † ± 1.2
Shortleaf Pine 34.1a ‡ ± 7.0 2.9b ‡ ± 1.5 0.2c ‡ ± 0.2

White Oak 72.6a † ± 7.2 51.1b † ± 3.9 14.8c * ± 3.2

The cumulative herbivory rate for all seedlings in the study was 33.2%, of which cervids were
responsible for 95.8%. Of all black locusts damaged in each of the exclusion treatments, cervid
herbivory accounted for at least 93%, with minor contributions by rabbits (0.4–6.7%) and small
mammals (1.7%; Table 4). Cervids mediated 74.7% and 50% of shortleaf pine damage in no exclusion
treatments and protector treatments, respectively; rabbits were culpable in the damage of the remaining
shortleaf pines in these treatments (25.3% and 50%, respectively). Rabbit herbivory comprised all
damage to shortleaf pines in full exclusion treatments. Similar to black locust, cervids were responsible
for at least 91% of all white oak herbivory in each exclusion treatment; rabbit contribution to white
oak damage was also similar to that of black locust (1.8–6.7%). Small mammal herbivory was highest
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on white oaks in no exclusion treatments (3.7%). A single uprooted white oak (0.6%) in no exclusion
treatments was attributable to herbivory by domestic animals (i.e., horse).

Table 4. Relative herbivore contribution (%) to herbivory incidence by tree species and exclusion
treatment on reclaimed mined land in southeastern KY. Damage of a seedling by multiple taxa results
in total contributions greater than 100%.

Treatment Cervid Rabbit Small Mammal Domestic Animal

Black locust
No Exclusion 98.8 1.3 1.7 -

Protector 99.6 0.4 - -
Full Exclusion 93.3 6.7 - -

Shortleaf pine
No Exclusion 74.7 25.3 - -

Protector 50.0 50.0 - -
Full Exclusion - 100.0 - -

White oak
No Exclusion 97.5 1.8 3.7 0.6

Protector 97.9 2.1 - -
Full Exclusion 91.7 6.7 1.7 -

4. Discussion

Tree species and herbivore exclusion treatment significantly influenced survival, height growth,
and herbivory damage. Black locust and white oak survival increased with exclusion presence;
however, there was no difference in survival between protector or full exclusion treatments. Conversely,
while shortleaf pine survival was low across all treatments, survival was similar in no exclusion and
protector treatments but significantly lower in full exclusion treatments. Black locust typically sustains
moderate to high survival (53–100%) on mined sites in the first three to five years after planting [28,39],
attributing to its favorability for mine reforestation. White oak survival in this study (68.2–80.5%)
was also similar to that found by Emerson et al. (2009) [39] when planted within weathered gray and
unweathered brown sandstone mine spoils (70–80%) and by Bell et al. (2017) [40] when planted in a
mixed pine-hardwoods polyculture (50–80%). Shortleaf pine survivals observed in this study were at
the lower extent of shortleaf pine survivals found by Bell et al. (2017; 29–58%) [40].

Herbivore exclusion has effectively increased the survival of natural regeneration and reforestation
plantings in many systems, often due to a reduction in herbivory incidence and severity [41–43].
On reclaimed mined lands in eastern KY, tree shelters successfully increased the initial survival of
direct-seeded chestnuts (Castanea spp.) [44]. Fencing is generally successful at increasing seedling
survival through large-ungulate exclusion [45–48]; however, its use in Appalachian surface mine
reforestation appears limited, as the present study is, to our knowledge, the first to evaluate the
effectiveness of exclusion at reducing herbivore damage in this region. In this study, shortleaf pine
survival in full exclusion treatments was significantly lower than that in other treatments, which is
possibly due to higher levels of competing vegetation in full exclusion plots and lower initial heights
of pine seedlings compared with black locust and white oak. Reduced survival rates as a result of
fencing have been shown for black cherry (Prunus serotina Ehrh.) on reclaimed mines in Indiana [49].

Positive height growth was observed for all species in this study; however, black locust growth
was significantly higher than that of shortleaf pine and white oak. Black locust is a pioneer species
that naturally colonizes disturbed areas and can persist in environmentally harsh conditions due
to its rapid initial growth rates [50,51] and ability to form symbiotic relationships with N2-fixing
bacteria [52], justifying its use for the reforestation of mined lands, landfills, and degraded areas that
are often nutrient-depleted [39,53]. First-year growth of black locust in this study was much greater
than that of black locusts planted on adjacent reclaimed mined sites in eastern KY (9.4 cm) and was
even higher than that of fertilized black locusts (20.4 cm) [54]. Mean white oak growth in this study
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(8.6 cm) was somewhat higher than that of white oaks planted in pine-hardwood polyculture in eastern
KY (5.6 cm); height growth of northern red oak (Quercus rubra L.) and chestnut oak (Quercus montana
Willd.) was also lower than that of white oak found in the present study [40]. Mean tree heights
three years post-planting reported by Showalter et al. (2007) [55] in response to spoil type in Virginia
appear to indicate growth rates similar to those in this study. Mean shortleaf pine heights reported by
Bell et al. (2017; 10.5 cm) [40] were comparable to mean heights in this study. Similar first-year growth
rates for shortleaf pine were also found by Kabrick et al. (2015) [56] for underplanted pines in the
Missouri Ozark Highlands, indicating that shortleaf pine growth on reclaimed surface mines may
approximate that of one-year-old pines regenerating under a closed-canopy forest.

Exclusion treatment significantly affected seedling height growth. Protector treatments cultivated
the highest growth rates. Seedling protectors (or tree shelters/tubes) have increased the tree growth
of a variety of deciduous and coniferous species [44,57–59], not only from a decreased impact of
herbivory, but also in their effect on growing conditions. Protector construction can either improve or
inhibit seedling growth rates [58,60–62]. Microclimate variables affecting growth rate (e.g., relative
humidity, radiation absorption, CO2 concentrations) vary with and within protector types [58,61].
Andrews et al. (2010) [62] demonstrated elevated hardwood growth rates in riparian forest corridors
due to tree shelter use, attributed to woody debris retention around the protector and physical
protection against flooding. Protectors selected for this study were manufactured of plastic interwoven
in a diamond pattern with 2–3 cm openings. The protector’s construction accommodated air flow
between the atmosphere and the interior of the protector and limited shading effects to seedlings;
therefore, the increased growth rate is, at best, marginally attributable to improved microclimate.
Since soil analyses yielded no significant difference among treatments for the selected parameters,
height growth responses of protector treatments are likely more associated with increased stem
elongation as a result of protector presence and with competing vegetation dynamics. Growth in
full exclusion treatments (also employing protectors) was significantly lower than that in protector
treatments: competing vegetation was observed to be taller in full exclusion treatments compared with
non-fenced treatments, potentially from decreased herbivory prevalence compared with outside of
exclosures. Therefore, protector presence and reduced competing vegetation are likely responsible for
the improved growth rate fostered by protectors.

Herbivory incidence in this study was driven by an interaction between tree species and exclusion
treatment. All species in this study responded similarly to exclusion: herbivory was greatest in plots
with no exclusion; protectors significantly lowered herbivory, but full exclusion treatments vastly
reduced herbivory. Cervids were responsible for nearly 96% of all herbivory. Therefore, fencing was
effective at limiting damage, but did not fully prohibit plot access to cervids. While no animals were
observed within any fenced plots, beds and trails were observed within the plots, and deer and elk
tracks, scat, and hair were found on fence perimeters on multiple occasions. Regardless, herbivory
incidence was reduced as a result of fencing. Protectors also effectively reduced herbivory compared
with no exclusion treatments. Although cervids damaged seedlings within protector treatments, the
treatment effect is speculatively driven, in part, by relative seedling height: certain seedlings did not
grow beyond the top of the protector in the first growing-season; thus, they were not available for
browsing, demonstrating that smaller seedlings are protected against herbivory while gaining root
mass and leaf area, which will aid in resilience to herbivory once the seedling has grown above the top
of the protector.

In no exclusion treatments, a definitive herbivory preference was observed for black locust (85.1%)
and white oak (72.6%). On adjacent mined lands in eastern Kentucky, black locusts in control plots
sustained two-year browse rates of 76%, but as high as 91% black locust browse was observed after
soil fertilization [28]. Due to elevated shoot N levels [28], black locust is foraged preferentially by
ungulates [63]. While white oak was preferred significantly less than black locust, herbivory of this
species was, nonetheless, considerable. On reclaimed mined land in Indiana, first-year deer browse
rates of white oak in unexcluded plots was approximately 90% [49]. Mixed hardwoods, in general,
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appear to be heavily browsed during the first year: black cherry (90%), bur oak (Quercus macrophylla
Michx.; 89%), and northern red oak (84%) were heavily damaged by deer in Indiana [49]. Likewise,
Skousen et al. (2009) [64] reported “heavy browse” of white ash (Fraxinus americana L.) on mines
in West Virginia. Negative height growth of chestnut oak and northern red oak was attributed by
Bell et al. (2017) [40] to deer and elk browse; however, American sycamore (Platanus occidentalis L.) was
relatively undamaged (<3%) in the second growing-season on mined land in eastern Kentucky [28].
Additionally, pines seem to be less preferred by herbivores compared with hardwoods. In this study, the
shortleaf pine herbivory rate in no exclusion treatments was 34%. Cumulative browse of unexcluded
underplanted eastern white pine (Pinus strobus L.) in northern forests was less than 43% [59]. Tree
species selection for planting mixtures is an active area of research and one that will greatly benefit
from mine reclamation efforts.

This study has revealed that herbivory on reclaimed Appalachian mined land is extensive and that
techniques for control require further consideration. Although herbivory by rabbits, small mammals,
and domestic animals was documented, cervids accounted for nearly all first-year herbivory damage.
Deer populations have increased markedly across the eastern U.S. over the previous decades. Similarly,
elk reintroduction has become a nearly widespread management goal of state wildlife agencies
across Appalachia, with successful population establishment in five states (Kentucky, North Carolina,
Pennsylvania, Tennessee, and West Virginia) [65]. Concomitant with deer population explosion, elk
expansion will intensify herbivory pressure, especially of reforestation plantings on reclaimed surface
mines, where most elk releases in Kentucky and neighboring states have occurred. Horse populations
on reclaimed mines will likely continue to increase; although the results of this study indicate that
horse impacts are minimal, this source of herbivory should continue to be monitored on a local scale,
specifically in areas with high populations.

5. Conclusions

Seedling protectors successfully lowered herbivory incidence during the first growing-season
following planting; however, full exclusion drastically reduced herbivory, yet fencing was not effective
at fully excluding cervids. Exclusion treatments also generally increased seedling survival and
height growth. While exclusion has been found to be effective at limiting herbivory damage, these
treatments may likely prove economically or logistically unfeasible in some circumstances. The cost
of fencing (material and labor) for this study was approximately $21,220 per ha, and protector
material and installation costs were approximately $0.60 per seedling ($1,500 per ha at study planting
densities). Although fencing effectively negated herbivory damage and increased first-year survival
rates compared with no exclusion plots, managers must decide if the large initial investment in fencing
is offset by the future value of the forest resources. Protectors are a more economical method of
reducing herbivory and promoting height growth; however, once seedlings grow beyond the top
the protector, cervids damage the upper shoots, which will, ultimately, hinder height growth and
create poor growth form. Therefore, tree species less preferred by herbivores (i.e., cervids) should be
identified for inclusion in planting mixes to reduce herbivory impacts to forest recruitment. Black
locust and white oak were found to be highly preferred by cervids, but shortleaf pine was selected
less frequently. These results indicate that hardwood regeneration on mined lands will likely prove
difficult with current and projected future cervid population levels. Restoration of pine forests on
Appalachian surface mines may be more successful given lower herbivory rates; however, low survival
rates may preclude this effort. Follow-up seedling assessments in three to five years will provide
additional results on herbivory impacts during the years when seedlings are most susceptible to
herbivory damage.
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Abstract: Douglas fir (Pseudotsuga menziesii var. glauca (Mayr) Franco), and western larch (Larix occidentalis
Nutt.) are species of ecological and commercial importance that occur throughout the Western
United States. Effective reforestation of these species relies on successful seedling establishment,
which is affected by planting stock quality, stocktype size, and site preparation techniques. This study
examined the effects of container volume (80, 130, 200, and 250 cm3) and vegetative competition on
seedling survival and physiological and morphological responses for two years, post-outplanting.
Glyphosate application (GS) and grass planting (HC) were used to achieve low and high levels of
competition. For all measured attributes, the container volume × vegetative competition was not
significant. Mortality was strongly influenced by competition, with higher mortality observed for
Douglas fir and western larch planted in HC plots one (28% and 98%) and two (61% and 99%) years
following outplanting. When competition was controlled, seedlings of both species exhibited greater
net photosynthesis (>9 μmol m−2 s−1), greater predawn water potential (>−0.35 MPa), and lower
mortality (2–3%) following one year in the field, indicating establishment success. The 80 cm3

stocktype remained significantly smaller and exhibited lower growth rates for the duration of the
study, while all other stocktypes were statistically similar. Our results demonstrate the importance of
controlling vegetative competition regardless of stocktype, especially for western larch, and suggest
that benefits to post-planting seedling physiology and growth in relation to container size plateau
beyond 130 cm3 among the investigated stocktypes.

Keywords: container parameters; nursery culture; western larch; Douglas fir; herbicide

1. Introduction

In order to ensure success, reforestation efforts must meet diverse objectives, which can involve
myriad species, fit within a variety of economic models, and account for different site characteristics.
Thus, tree seedlings used in these efforts should be produced with specific parameters in mind
(genetics, morphology, and physiology, for example) [1–3]. Successful seedling stocking on a site within
the required planting window may have economic, ecological, and legal implications—calling for
high-quality, specifically-cultured plant material. Managers continually need updated, science-based
information to justify on-the-ground decision-making; however, determining which traits lead to
optimal seedling performance for a specific site and reforestation objectives continues to be a challenge.
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Seedling phenotypic traits are a result of genetics and the environment. Nurseries have the
capacity to alter these traits through modifications in nursery culture, including container size.
Container-grown seedlings provide a wealth of stocktype choices in terms of dimensions (i.e., depth,
diameter, volume) and container composition—factors which have been found to affect seedling
phenotype [4–6]. Container selection in seedling production also has economic implications. Smaller-
volume containers require fewer inputs per plant, maximizing nursery growing space while
minimizing media and fertilizer; conversely, larger volume containers require more inputs, but produce
larger seedlings [7–12]. The choice and difference between the two, however, can offer competitive
advantages for survival and growth in the field. For larger containers, i.e., larger seedlings,
such advantages stem from the ability to outcompete existing vegetation on the site as a result of
higher nutrient reserves, increased photosynthetic capacity, and enhanced water use efficiency [3,13–15].
Villar-Salvador et al. [16] also argue that larger seedlings do better in environments that experience
seasonal drought. Many studies have shown that larger stocktype seedlings initially remain larger
and grow at a more rapid rate following outplanting [8,17–19]; however, results are often species- and
site-specific and are subject to change following the first growing season [17,20,21].

After outplanting, seedling establishment during the first growing season depends upon initiation
and maintenance of a positive feedback loop with its new environment. This loop requires uptake
of soil water to support increased stomatal conductance and photosynthesis. The newly-assimilated
carbon allows for enhanced root growth, thus continually increasing seedling access to soil water [22].
Competing vegetation is often an obstacle in the effective establishment of this loop; additionally,
regional climate regimes can also be of influence. In the Inland Northwest region of the United States,
where pronounced summer moisture limitations are common [23], plants must establish adequate
root systems before the onset of drought. This is especially imperative for seedlings outplanted in
the spring, which have a limited window for root growth to occur. In such conditions, stocktypes
with large or deep root systems can be advantageous for overcoming drought stress [24]. Several
studies have examined the effects of stocktype size and site treatments aimed at controlling competing
vegetation on seedling performance [14,15,25,26]. Much of this work points to stocktype differences in
the ability of seedlings to establish root contact with soil water, either through enhancing functional
capacity to promote root growth in order to reach deeper soil moisture reserves or through reducing
vegetative competition to increase available soil moisture. This is manifested by improved performance
(higher survival, growth, and carbon assimilation capacity) among larger seedlings relative to smaller
stocktypes under high competition [14,15,26]. The benefits of larger stocktypes, however, are less clear
in the absence of vegetative competition or ecosystems without water limitations [14,25].

Despite the abundance of stocktype studies to date, only a small group of them examine the
morpho-physiological performance of container stocktypes under different levels of vegetative cover
during summer drought [14,25,26]. Unfortunately, these studies, among others, contain some level of
confounding, thereby significantly limiting the transferability of findings. Much of this methodology
shows that, during nursery cultivation or genetic selection, biases are introduced, thus optimizing
growth of a single container size (or stocktype) and creating sub-optimal conditions for all other sizes.
Addressing this issue, Pinto et al. [27] outline key considerations for conducting stocktype studies that
minimize confounding. With these considerations, our study aims to examine the role of container
size on seedling performance, while reducing confounding commonly associated with nursery culture,
and create distinct drought differences between vegetative competition treatments at the site level.
In order to expand the utility of the study, we use only stocktypes considered operationally feasible
and focus on species of interest specific to the Western United States. We hypothesized that (1) larger
stocktypes would have an advantage in accessing soil water due to larger root systems and would
outperform smaller stocktypes during the summer drought, and (2) that this difference would be
greater under high vegetative competition and low soil moisture. Evaluations of seedling performance
included survival, growth, net photosynthesis, and plant water potential.
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2. Materials and Methods

2.1. Nursery Culture

Open-pollinated, orchard-grown Douglas fir (Pseudotsuga menziesii var. glauca (Mayr) Franco)
(Potlatch Lot ID#: DF-CL-Z7, 1000–1200 m elevation) and western larch (Larix occidentalis Nutt.)
(Potlatch Lot ID#: WL-09-75 Improved BC, 1100–1350 elevation) seed was obtained in March 2012.
Seed was cold, moist stratified for 30 days at 1.7 ◦C, and sown five per cell into 10 Styroblock® trays
(Beaver Plastics, Edmonton, AB, Canada). Recognizing the operational range of seedling containers
used in the region, two different tray sizes (Styroblock® 415C and 515A tray models) were used to
obtain four container volume treatments which had approximate starting cell volumes of 130 and
250 cm3. Two experimental container volumes were created by cutting off a 50 cm3 portion of 415C
and 515A models, resulting in cell volumes of 80 and 200 cm3 to complement the original 130 and
250 cm3 cells (Table 1).

Table 1. Container specifications used to produce Douglas fir and western larch seedlings. Two types
of containers were used to create four container treatment volumes.

Container
ID Code
Cells/mL

Metric
Number

Cell Depth
(cm)

Cell Volume
(cm3)

Cell Diameter
(cm)

Cells Per
Container

Cells
Per m2

Styroblock® 91/130 415C
11.0 a 80 a

3.9 91 43015.1 130

Styroblock® 60/250 515A
12.4 a 200 a

5.1 60 28415.1 250
a Containers were modified to a shorter depth to achieve a smaller volume without changing density.

To account for differences in growing space by container size, sowing was staggered by one
week for each container size, beginning with the 250 cm3 containers in late April for Douglas fir and
mid-May for western larch. Growing medium consisted of sphagnum peat moss:vermiculite:aged
fine bark (2:1:1, v:v:v; Sun Gro Horticulture, Bellevue, WA, USA) with a bulk density of 0.14 g cm−3.
Following sowing, media surface and seeds were covered with a medium-sized forestry nursery grit
(Target Products Ltd., Burnaby, BC, Canada). Seedlings were grown in a greenhouse at the University
of Idaho Pitkin Forest Nursery, Moscow, Idaho (46.7255◦ N, 116.9563◦ W) from April to November
2011. Culturing temperatures averaged 15 and 26 ◦C (minimum and maximum, respectively) over this
time period. Unless otherwise noted, all methods were identical for both species.

Trays were arranged on nursery benches in a randomized complete block design (RCBD), with the
arrangement repeated for each species. Blocking was determined by proximity to a heating tube
underneath the nursery benches, with two Styroblocks® of the same cell volume serving as a single
block. Each of the four tested container volumes consisted of five blocks and individual seedlings were
considered to be experimental units (3020 total seedlings per species). Within each block, container
locations were re-randomized every two weeks.

Irrigation and fertigation timing was individually tailored to each block. The saturated weight of
one Styroblock® in each pair was determined at the onset of nursery culture and re-weighed daily to
determine gravimetric water content [28]. Throughout the growing season, seedlings were fertigated
as they reached gravimetric targets (see below), usually 2–3 times per week.

Immediately following sowing, containers were misted using an overhead boom twice daily for
two weeks and thinned to 2–3 trees per cell after this period. After the initial two weeks, seedlings
were thinned to one tree per cell and received applications of Peters® Conifer StarterTM (10:20:30
[N:P2O5:K2O], The Scotts Company, Marysville, OH, USA) at 42 mg N L−1, for the following three
weeks, as blocks reached 85% of their saturated weight. During the rapid growth phase, seedlings
received applications of Wilbur Ellis® Pro-GrowerTM (20:7:19, Wilbur Ellis, Walnut Creek, CA, USA) at
60 mg N L−1 for western larch and 100 mg N L−1 for Douglas fir, and calcium nitrate (CN; 15:0:0) as
containers dried to 80–85% of their saturated weight. Alternating applications of fertilizer during this
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stage was supplemented with Peters® S.T.E.M.TM (Soluble Trace Element Mix) micronutrient mix. As
seedlings within container volume groups reached approximately two-thirds of their target heights
(15 cm), excess nutrients were leached using a water flush, and seedlings were moved to the hardening
phase fertilizer regime. During this phase, seedlings received Wilbur Ellis® Pro-FinisherTM (4:25:35) at
24 mg N L−1, applied when blocks dried down to 65 and eventually 55% to initiate budset.

2.2. Nursery Phase Sampling

Height and root-collar diameter (RCD) measurements were obtained for a random subsample of
20 seedlings per Styroblock® tray every other week beginning 10 weeks after sowing, through the end
of the season. These measurements were used to determine fertilization phase timing.

Assessment of morphological characteristics for each seedling at the end of the nursery culture
(December 2011) included height and RCD and the respective growth increments for each variable.
In addition, a random subset of 25 seedlings from each container volume × block combination
was subject to destructive sampling (n = 500). After carefully washing roots to remove media,
root volume (RV) was determined using the water displacement method described by Burdett [29].
The sampled seedlings were oven dried at 60 ◦C for 72 h, after which root and shoot dry masses
were measured. The root-to-shoot (R:S) biomass ratios were calculated for all destructively-sampled
seedlings. Remaining seedlings were lifted, placed into plastic bags inside wax boxes, and stored at
−1.4 ◦C (±0.5) for five months, in line with standard nursery protocol.

2.3. Outplanting

A total of 1600 seedlings were outplanted between 25 and 31 May 2012 on a 15-hectare cut site in
the East Hatter Creek Unit of the University of Idaho Experimental Forest (46.8445◦ N, 116.7960◦ W,
860 m a.s.l.). The site had a south-facing aspect, ranged in slope from 5–20%, and was logged in
August 2011, with approximately 100 trees remaining to meet leave-tree obligations of the Idaho Forest
Practices Act. The residual slash was broadcast burned in October 2011. Tree species present prior
to harvest included western larch and Douglas fir, as well as ponderosa pine (Pinus ponderosa Dougl.
Ex Laws. var. ponderosa). Soils were classified in the Santa series of Alfisols, described as moderately
well-drained and moderately deep, formed in deep loess with a small amount of volcanic ash in the
upper horizons [30].

For each species, a split-plot, randomized complete block design was used. Each block
was the whole-plot, which consisted of two 21 × 10 m areas that were randomly assigned one
of the two vegetative competition treatments (glyphosate-sprayed or high competition). In the
glyphosate-sprayed (GS) treatments, competing vegetation was removed with two applications
(7 and 29 June 2012) of glyphosate (41%, Glystar® Plus, Albaugh, Inc., Ankeny, IA, USA) using
a backpack sprayer (prior to tree planting), at a rate of 3.4 kg acid equivalent ha−1. Additional
vegetation was removed manually throughout the season. In the high-competition (HC) treatments,
the natural vegetation community was allowed to establish. In addition to this, we planted blue
wildrye (Elymus glaucus Buckley (Clearwater Seed, Spokane, WA, USA)) seeds, a grass species native
to the region, at an approximate density of 75 plants m−2 in May 2012. Our split-plot factor was the
four container volumes. Within the GS and HC treatments, the four container volumes (80, 130, 200,
250 cm3) were randomly assigned to four rows, each row contained 20 seedlings from one of the four
container sizes. Spacing was 1 and 2 m between seedlings and rows, respectively. To minimize browse
damage, seedlings were surrounded with 1 m tall yellow mesh protection tubes (Forestry Suppliers,
Inc., Jackson, MS, USA); additionally, a 2 m buffer of animal repellant (Plantskydd®, concentration of
0.125 kg L−1, Tree World, St. Joseph, MO, USA) was sprayed around each vegetation treatment using
a backpack sprayer.

Existing vegetation cover was quantified using sampling approach described by Daubenmire [31].
A diagonal transect was established running from the northwestern-most corner of the plot to the
southeastern-most corner. A 20 × 50 cm frame was placed at 4-, 8-, 12-, 16-, and 20-m intervals along
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the transect. At each sampling point, total cover of live vegetation in the frame, using the projected
cover of foliage onto the ground below, was recorded as a percentage.

2.4. Edaphic and Atmospheric Monitoring

A weather station (model 2900ET, Spectrum Technologies, Inc., Plainfield, IL, USA), installed on
site, was used to monitor hourly air temperature (◦C), precipitation (mm), and relative humidity
(%) during the first growing season. ECH20-TE soil moisture probes (Decagon Devices, Inc.,
Pullman, WA, USA) were installed in HC and GS plots that most closely represented the diversity
of slope, soil moisture, and initial vegetative cover on the site. Volumetric soil moisture (θ, m3 m−3)
measurements were collected hourly at three different soil depths (5, 15, and 30 cm) using an Em50 data
logger (Decagon Devices, Inc., Pullman, WA, USA) from June to October 2012. In situ soil calibrations
were performed to increase the accuracy of the volumetric soil moisture measurements.

2.5. Survival and Morphology Measurements

Height (cm) and RCD (mm) were measured immediately after planting (early June 2012),
at the end of the first growing season (October 2012), and at the end of the second growing season
(October 2013). Seedling survival was assessed at the end of each growing season. Height and RCD
increment for all surviving trees was calculated by subtracting the initial from the final measurement
for each surviving, un-sampled seedling.

2.6. Seedling Gas Exchange and Water Potential Measurements

Both seedling gas exchange and pre-dawn water potential (Ψpd) were measured, for each
species, on one randomly-selected seedling from the two vegetative competition treatments ×
four container sizes × five replication blocks (n = 40, per species), three times throughout the
season. These measurements corresponded with pre-drought (7 and 11 July), early drought (7 and
8 August), and late drought (25 and 26 September) periods. A fourth, post-drought (21 October),
set of measurements was taken on Douglas fir seedlings only, since western larch seedlings had
experienced high levels of mortality, and those surviving the first season had begun to senesce. For each
measurement period, a new seedling was chosen and was no longer included in future measurements.

Pre-dawn water potential was measured using a pressure chamber (model 1505D-EXP, PMS
Instrument Company, Corvallis, OR, USA) between 0000 and 0400 h. A small woody lateral branch
from each seedling was excised and used for measurement (nb: seedlings with excised biomass were
no longer used in subsequent measurements). Gas exchange measurements were conducted on the
same seedlings using a portable photosynthesis instrument (model LI-6400XT, LI-COR Environmental,
Lincoln, NE, USA) equipped with a lighted conifer chamber (model 6400–22L), a RGB light source, and
a CO2 injector. Measurements began in the morning once photosynthetically active radiation (PAR)
reached ≥800 μmol m−2 s−1 and were completed between 0800 and 1230 h. The upper 7 cm portion
of the terminal leader was placed into the conifer chamber while still attached to the seedling for
measurements because at the start of the season this was the only portion of the seedling tall enough
to reach into the LI-6400 chamber. The chamber environment was set to 1400 μmol m−2 s−1 PAR,
400 μmol mol−1 CO2 with a flow rate of 400 μmol s−1, as described by Pinto et al. [15]. The temperature
was initially set to 25 ◦C, but was raised, as the outside temperature rose (maximum 28 ◦C), to extend
battery life. The portion of the branch placed inside the conifer chamber during measurements was
then severed from the seedling. Leaf tissue was scanned on a flatbed scanner, and quantified using
Image J software (Version 10.2, National Institutes of Health, Bethesda, MD, USA).

2.7. Statistical Analysis

All analyses, except where noted, were performed separately for each species. As well, for all
analyses of variance (ANOVA), block effects were removed from models once found not to be
significant. ANOVA using SAS (Version 9.3, SAS Institute, Inc., Cary, NC, USA) PROC MIXED
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for a RCBD (four container volumes × five blocks) was used to determine if differences in seedling
morphology existed for stocktype treatments (p < 0.05) after nursery culture. Residual plots were used
to assure data met model assumptions. Post-hoc means separations were performed using the Tukey
HSD (α = 0.05).

Treatment differences for response variables from the outplanting experiment (seedling height,
RCD, height and RCD increments, photosynthesis (A), and Ψpd) were analyzed using an ANOVA
model including four container volumes × two vegetative competition treatments × five blocks
within a RCBD split-plot design. Competition level served as the whole-plot factor while container
volume was the split-plot factor. The design initially contained 20 seedlings (for height and RCD
measurements) for all container × competition × replication combinations (n = 800, for each species).
Height and RCD measurements one and two years following outplanting were collected from all
surviving, un-sampled seedlings in each combination. For the physiological measurements, one tree
per container volume × competition × block was used (n = 40, per species).

Differences between the effects of vegetative competition, on soil moisture throughout the season
were analyzed via repeated measures ANOVA using PROC MIXED. Seedling survival was analyzed
using logistic regression and a binomial distribution in PROC GLIMMIX. The model included the
effects of container, competition, and their interaction. To avoid complete separation in this model,
Douglas fir seedlings in the GS plot × 130 cm3 container volume treatment were excluded due to 0%
mortality. Post-hoc, pair-wise comparisons were made using Tukey HSD (α = 0.05).

3. Results

3.1. Nursery Culture

3.1.1. Douglas Fir

Container volume significantly (p < 0.0001) influenced seedling morphology (height, RCD, RV,
R:S) (Table 2). Seedlings cultivated in the smallest (80 cm3) containers exhibited the lower height, RCD,
and RV than the other three stocktypes. The largest container volume produced the tallest seedlings
compared to all others. The two larger stocktypes (200 and 250 cm3) exhibited higher RCD and RV
values compared to the other two sizes and significantly higher R:S values compared to those reported
for the smallest containers. The R:S values of the 130 cm3 stocktype were not significantly different
from the other three.

Table 2. Mean (±SE) height, root-collar diameter (RCD), root volume (RV), root dry mass:shoot dry
mass (R:S) of Douglas fir and western larch seedlings at the end of one-year nursery culture across
container types. Different letters within a species column indicate significant differences at α = 0.05.

Container Volume (cm3) Height (cm) RCD (mm) RV (cm3) R:S

Douglas-fir

80 18.9 (0.3) a 2.77 (0.1) a 3.78 (0.3) a 0.65 (0.0) a
130 23.8 (0.3) b 3.19 (0.1) b 6.33 (0.3) b 0.69 (0.0) ab
200 24.2 (0.3) b 3.61 (0.1) c 8.67 (0.3) c 0.74 (0.0) b
250 25.4 (0.3) c 3.63 (0.1) c 8.89 (0.3) c 0.80 (0.0) b

p < 0.0001 p < 0.0001 p < 0.0001 p < 0.0001

western larch

80 22.2 (0.8) a 3.79 (0.1) a 5.04 (0.3) a 0.77 (0.04)
130 27.3 (0.8) bc 4.21 (0.1) b 6.78 (0.3) b 0.82 (0.04)
200 30.3 (0.8) c 4.96 (0.1) c 9.88 (0.3) d 0.78 (0.04)
250 26.6 (0.8) b 4.47 (0.1) b 8.27 (0.3) c 0.87 (0.04)

p < 0.0001 p < 0.0001 p < 0.0001 p = 0.2509
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3.1.2. Western Larch

Container volume had a significant effect on western larch seedling height, RCD, and RV values
(p < 0.0001; Table 2). Generally, seedlings grown in 80 cm3 containers were significantly smaller in
height, RCD, and RV values compared to all other stocktypes. There was no clear relationship between
the increase in container volume and the assessed morphological responses. Seedlings grown in the
200 cm3 containers exhibited greater height, RCD, and RV values. With regard to height, the differences
between the 130 cm3 and the two largest stocktypes were not statistically significant. Seedling R:S did
not differ by container volume (p = 0.2509).

3.2. Site Conditions

At the time of planting, air temperature and vapor pressure deficit (VPD) were 13.1 ◦C and 0.3 kPa,
respectively. Maximum air temperature (37.0 ◦C) and VPD (5.8 kPa) were reached on 8 July 2011.
During the study period (25 May to 31 October), air temperature and VPD averaged 15.6 ◦C and
1.2 kPa, respectively. Mean maximum daily air temperature for the season was 24.2 ◦C, with mean
maximum VPD of 2.6 kPa (Figure 1A,B).

Figure 1. Daily mean, minimum, and maximum vapor pressure deficit (A) and air temperature
(B) conditions during the 2012 growing season at the outplanting site on the University of Idaho
Experimental Forest, Moscow, ID, USA. Data from 9–18 June are missing due to ungulate-induced
weather station damage.

From 25 May and 31 October, precipitation totaled 104 mm. No precipitation fell from 21 July
through 12 October, with 63 mm falling before this drought period and 41 mm after (Figure 2A). Due to
animal damage, no data were recorded from the weather station 9–18 June. Volumetric soil moisture
content (θ) in the plots were compared at five dates aimed at capturing moisture content differences
during the critical establishment period (i.e., seedling planting, pre-, early, late, and post-drought).
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For all three soil depths, the interaction of date × vegetative competition treatment was significant
(p < 0.0001), as were the main effects of date (p < 0.0001) and vegetative competition (p < 0.04). In June
and July 2012, θ did not differ by competition treatment at all depths. However, during the most
pronounced drought period in August and September, θ was significantly higher in GS than in HC
plots at all three soil depths (Figure 2). After precipitation resumed in October 2012, the two plot types
again showed equal measures of θ for all three depths.

 

Figure 2. Volumetric soil moisture content (θ) of both vegetative competition treatments (high competition
(HC) = solid brown lines, circles; glyphosate-sprayed (GS) = dashed green lines, triangles) at 5 (A),
15 (B) and 30 cm (C) depths, and daily precipitation totals (A, vertical bars on the x-axis) during
the 2012 growing season. Points with vertical error bars indicate dates where seedling physiological
measurements were performed, as well as seedling planting in June. Points with asterisks (*) indicate a
significant difference between HC and GS treatments for that date (α = 0.05, n = 3). Precipitation data
from 9–18 June are missing due to weather station damage.

Differences in vegetation cover, assessed in August, existed between competition treatments.
For Douglas-fir, GS plots had significantly less cover (6.6%) than HC plots (45.3%) (p = 0.0002). Similarly
for western larch, GS plots had significantly less cover (10.1%) than HC plots (59.4%) (p = 0.0006).
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3.3. Field Survival and Growth

3.3.1. Douglas Fir

By the end of the first growing season in the field, the interaction between container
volume × vegetative competition did not significantly affect any of the morphological responses
(Table 3). Container volume alone had a significant impact on height, height increment, and RCD,
while vegetative competition influenced RCD, RCD increment, and mortality. Height, height increment,
and RCD of seedlings cultured in 80 cm3 cavities were significantly smaller than the other three sizes
(Table 3). There were no differences in RCD growth (increment) or mortality among stocktypes. Height
and height growth (increment) did not differ significantly due to vegetative competition, but seedlings
with larger RCD and RCD increment values were observed in GS plots compared to HC plots.

Table 3. Mean (±SE) height, height increment, root-collar diameter (RCD), and RCD increment of
surviving Douglas fir seedlings at end of the first and second field season (October 2012 and 2013)
across container types and vegetative competition treatments (GS = glyphosate-sprayed; HC = high
competition). The proportion of mortality at the end of the first and second field seasons are also
shown. Different letters within a field season column indicate significant differences at α = 0.05.

Height (cm) Height Inc. (cm) RCD (mm) RCD Inc. (mm) Proportion Mortality

First field season (October 2012)–Container Volume (cm3)

80 24.7 (0.8) a 5.9 (0.7) a 4.4 (0.2) a 1.3 (0.2) 0.11 (0.1)
130 31.1 (0.8) b 8.7 (0.7) b 5.3 (0.2) b 1.5 (0.2) 0.10 (0.1)
200 30.4 (0.8) b 8.1 (0.7) b 5.4 (0.2) b 1.5 (0.2) 0.07 (0.0)
250 31.5 (0.8) b 7.7 (0.8) b 5.5 (0.2) b 1.4 (0.2) 0.10 (0.0)

First field season (October 2012)–Vegetative Competition Treatment

GS 29.8 (0.9) 8.1 (0.9) 5.9 (0.3) a 2.4 (0.3) a 0.03 (0.0) a
HC 29.0 (0.9) 7.1 (0.9) 4.5 (0.3) b 1.0 (0.3) b 0.28 (0.1) b

Container effect p < 0.0001 p < 0.0001 p < 0.0001 p = 0.2366 p = 0.5233
Competition effect p = 0.5452 p = 0.4645 p = 0.0196 p = 0.0165 p = 0.0068

Interaction p = 0.4461 p = 0.7935 p = 0.6395 p = 0.4188 p = 0.8799

Second field season (October 2013)–Container Volume (cm3)

80 32.7 (2.4) a 8.2 (1.7) ab 7.7 (0.6) a 3.2 (0.4) ab 0.36 (0.1)
130 42.5 (2.4) b 10.9 (1.7) b 9.4 (0.6) c 3.9 (0.4) b 0.38 (0.1)
200 38.0 (2.4) b 7.7 (1.7) a 8.3 (0.6) ab 2.9 (0.4) a 0.28 (0.1)
250 42.0 (2.4) b 10.1 (1.7) ab 9.1 (0.6) bc 3.5 (0.4) ab 0.35 (0.1)

Second field season (October 2013)–Vegetative Competition Treatment

GS 41.5 (2.8) 11.8 (2.0) 10.1 (0.7) 4.2 (0.4) 0.15 (0.1) a
HC 36.1 (3.3) 6.7 (2.3) 7.1 (0.8) 2.5 (0.5) 0.61 (0.2) b

Container effect p < 0.0001 p = 0.0374 p = 0.0005 p = 0.0012 p = 0.4722
Competition effect p = 0.2959 p = 0.1887 p = 0.0585 p = 0.0725 p = 0.0286

Interaction p = 0.9678 p = 0.9388 p = 0.2755 p = 0.0856 p = 0.1414

Two years following outplanting, the combined effect of container volume × vegetative
competition, and competition alone did not influence seedling morphology (Table 3). However,
seedling height, height increment, RCD, and RCD increment were significantly influenced by container
volume. Seedlings produced in the smallest containers remained significantly shorter compared to
the other stocktypes. The smallest containers also yielded the lowest mean RCD, but did not differ
from the 200 cm3 stocktype; while the 130 cm3 stocktype had the largest RCD and was similar to the
250 cm3 stocktypes. Height and RCD growth (increment) was significantly higher for the 130 cm3

compared to 200 cm3 stocktypes, while the smallest and largest container volumes were statistically
indistinguishable from the others.

Mortality following the first growing season was significantly influenced by vegetative
competition, evidenced by lower mortality among seedlings planted in the GS plots compared to those
in HC plots (3% and 28%, respectively). At the end of the second field growing season, mortality
increased two- and five-fold among the HC and GS treatments (61% and 15%, respectively).
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3.3.2. Western Larch

At the end of the first field-growing season, mortality among larch vegetation treatments was high;
therefore, our analyses were adjusted accordingly. In the full model analysis (mortality = container,
vegetative competition, container × vegetative completion), there was no interaction or container
volume effect on seedling mortality (p > 0.5172). Seedling mortality was affected by vegetative
competition, with seedlings grown in HC plots exhibiting significantly higher mortality than those
in GS plots (p < 0.0001) (98% and 2%, respectively). As a result of the near complete mortality in the
HC plots, a priori analyses on the full statistical model for height, height increment, RCD, and RCD
increment was not possible; thus, post hoc analyses focused only the effect of container volume
within GS plots. Based on the surviving seedlings in these plots, container volume had a significant
effect on height, RCD, and their growth increments (p < 0.0107; Table 4). Height and RCD were
significantly lower among the smallest stocktype compared to all other sizes. The 130 and 200 cm3

containers produced the tallest seedlings, while the RCD values for the 130, 200, 250 cm3 stocktypes
were statistically indistinguishable from each other. For height and RCD growth increments, the largest
stocktype was significantly smaller than the 130 cm3 stocktype, whereas all other container volume
treatments did not differ significantly.

Table 4. Mean ± (SE) height, height increment, root-collar diameter (RCD), and RCD increment of
surviving western larch seedlings at end of the first and second field seasons (October 2012 and 2013).
Data is from glyphosate-sprayed (GS) plots only due to near complete mortality within the high
competition (HC) plots. Different letters within a field season column indicate significant differences at
α = 0.05.

Height (cm) Height Inc. (cm) RCD (mm) RCD Inc. (mm)

First field season (October 2012)–Container Volume (cm3)

80 39.4 (1.8) a 18.7 (1.6) ab 6.64 (0.3) a 3.16 (0.3) ab
130 49.7 (1.8) c 22.5 (1.6) b 7.83 (0.3) b 3.81 (0.3) b
200 49.5 (1.8) c 18.5 (1.6) ab 8.01 (0.3) b 3.37 (0.3) ab
250 45.2 (1.8) b 17.6 (1.8) a 7.37 (0.3) b 3.05 (0.3) a

Container effect p < 0.0001 p = 0.0107 p < 0.0001 p = 0.0163

Second field season (October 2013)–Container Volume (cm3)

80 60.8 (2.5) a 21.6 (2.4) 10.9 (0.4) a 4.2 (0.2) a
130 73.7 (2.4) b 23.0 (2.4) 13.3 (0.3) b 5.3 (0.2) b
200 74.5 (2.4) b 24.8 (2.3) 12.9 (0.3) b 4.9 (0.2) b
250 68.8 (2.5) b 23.1 (2.4) 12.4 (0.4) b 5.0 (0.2) b

Container effect p < 0.0001 p = 0.5697 p < 0.0001 p = 0.0071

As with the first year outplanting data, the full model analysis on mortality indicated no container
volume × vegetative competition interaction (p = 0.5819), or container volume effects (p = 0.9227) two
years following outplanting. Significant differences as a result of vegetative competition persisted at
the end of the second field season. Mortality increased seven-fold between the first and second year
within the GS plots, but still only amounted to 14% of the total seedlings planted; HC mortality totaled
99%. Again, because of the high mortality, post hoc analyses focused on GS container effects only.
Two years following outplanting, container volume significantly influenced seedling morphology
and growth (Table 4). Seedlings grown in the 80 cm3 containers exhibited the smallest height, RCD,
and RCD increment; however, differences in height increment no longer varied among containers.
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3.4. Physiology

3.4.1. Douglas Fir

For both field-measured physiological variables (i.e., A and Ψpd), there were no significant
interactions between container volume × vegetative competition (p > 0.0748). The main effect of
container volume was also not significant (p > 0.1123). Effects of vegetative competition on A were
not significant in July (p = 0.2256), but were significant for August, September, and October 2012
measurements (p < 0.0056) (Figure 3). At these measurement points, seedlings in the GS plots exhibited
significantly higher A rates than those in the HC plots (Figure 3A). Overall, GS plots exhibited a
128% increase in A from July to September, when soils were rapidly drying in the upper soil profile
(Figure 2A). Conversely, HC plots exhibited a 39% decrease in A during the same period.

Figure 3. (A) Net photosynthesis and (B) predawn water potential of Douglas fir seedlings at four
measurement dates in 2012. Each point represents the mean (n = 19–20) across all container sizes,
within each vegetative treatment, high competition (HC: solid brown lines, triangles), and glyphosate
sprayed (GS: dashed green lines, circles). Error bars represent the standard error of the mean. Points
with asterisks (*) indicate a significant difference between HC and GS treatments for that date (α = 0.05).

No differences in Ψpd between GS and HC were detected at the first measurement date in
July (p = 1.000), but HC plots exhibited significantly lower values than GS for the remaining three
measurement points (August, September, and October 2012; p < 0.0301), during and after the drought
period. GS decreased 0.24 MPa (96%) from July to September, while HC decreased 1.10 MPa (440%).
The September Ψpd values were most negative for both vegetative competition levels, respectively,
but they both recovered to near July values by 21 October (Figure 3B), after 4.6 mm of precipitation fell
between 13–21 October (Figure 2).
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3.4.2. Western Larch

Physiological data for western larch was only collected for the first three measurement points
(i.e., pre-, early, and late drought) due to high seedling mortality and the onset of fall senescence at
the last measurement date (October 2012). For all three measurement points, both net photosynthesis
and Ψpd showed no significant interactions between container volume and vegetative competition
(p > 0.1580); container volume alone had no impact (p > 0.0744). Conversely, vegetative competition
influenced both photosynthesis and Ψpd measurements in August (p = 0.0073 and p = 0.0068) and
September (p = 0.0125 and p = 0.0018) (Figure 4). Seedlings in the HC plots exhibited a 78% decrease
in net photosynthesis from July to September, while those in GS plots experienced a 68% increase in
photosynthesis during the same period (Figure 4A). The Ψpd values stayed relatively similar through
the three measurement periods for GS seedlings, changing a maximum of 0.06 MPa (20%), while those
in the HC plots became significantly more negative during the August and September measurement
points, changing a maximum of 1.98 MPa (615%) (Figure 4B). Seedlings in both vegetative competition
treatments had their most negative Ψpd measurements in September.

Figure 4. (A) Net photosynthesis and (B) predawn water potential of western larch seedlings at three
measurement dates in 2012. Each point represents the mean (n = 13–20) across all container sizes,
within each vegetative treatment, high competition (HC: solid brown lines, triangles), and glyphosate
sprayed (GS: dashed green lines, circles). Error bars represent the standard error of the mean. Points
with asterisks (*) indicate a significant difference between HC and GS treatments for that date (α = 0.05).
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4. Discussion

Following nursery culture, the positive correlation between seedling size and increasing container
volume is well-documented [7,10,17,32]. In this study, we detected the same trend in Douglas fir
and western larch with regard to the morphological traits measured. However, the largest containers
were not often statistically set apart from the next smallest size. In fact, western larch seedlings
followed a slightly different pattern of growth with container size. In general, morphological traits
increased from the 80 to 200 cm3 container sizes, but then decreased slightly for the largest size
(250 cm3). Despite our best efforts to equilibrate seedling quality across container types, according to
the recommendations by Pinto et al. [27], we suspect the largest stocktype may not have reached its
fullest size potential during nursery culture (for either species). It is difficult to know whether growth
times or nutrient delivery contributed to this scenario. In some cases, situations like this can make
outplanting performance interpretation tenuous. Lamhamedi et al. [33] experienced similar issues
with large experimental stocktypes. The subsequent performance attributes show that there may have
been a lasting effect among the largest stocktype in our study, but for only the first year of growth.

Despite the initial height and RCD differences among Douglas fir stocktypes at planting,
the stratification of these traits began to dissipate after one field season. After two seasons, height, RCD,
and their growth increments were not statistically different amongst stocktypes, with the exception
of the smallest. Other studies with Douglas fir show similar trends where growth rates, as well as
absolute morphological characteristics of different stocktypes, tend to equilibrate over time [11,34].
Despite the growth similarities among the Douglas fir stocktypes, we observed noticeable height and
diameter growth among seedlings produced in the 130 cm3 containers following the second growing
season. Although not statistically different, this may suggest that relative growth rates of smaller
seedlings can be as good as, or greater than, those of larger seedlings, reducing the seedling size gap
over time [19,35,36].

While seedling height and shoot growth appear to be more influenced by container volume,
survival and below-ground production are likely influenced by competition. After one growing season,
the positive effect of reducing vegetative competition on Douglas fir size and growth was seen only
in terms of RCD and seedling survival, but not seedling height. This supports previous findings
that seedling height is not a strong predictor of performance in all cases [25,26,37,38]. Conversely,
RCD has been used as a better predictor of early seedling health and survival [24,39]. Seedlings with
greater RCD, which is correlated to higher root mass, have been shown to exhibit increased hydraulic
conductivity, reduced transplanting shock, and improved survival under moisture stress [40–44].

For western larch seedlings, the role of container volume and its interaction with vegetative
competition could not be fully assessed due to near 100% mortality under high competition in the first
year. Our investigation of the larch stocktypes grown with reduced competition (GS), yielded similar
results to the Douglas fir, where the initial size differences between stocktypes largely dissipated,
and growth mostly equilibrated over two years. However, despite reduced soil moisture stress as a
result of lower competition, the smallest stocktype consistently underperformed and remained small.

Generally, western larch has been found to be less drought tolerant than Douglas fir [45]. This may
partly explain why drought has been attributed to high levels of mortality in western larch during the
first season following outplanting [46,47]. In our study, the period between July and September was
likely accountable for the majority of seedling mortality in the first year. During this period, the Ψpd
values fell below −2.0 MPa, which may have led to stomatal closure and the subsequent reduction in
net photosynthesis to below 4 μmol CO2 m−2 s−1, indicating that seedlings were unable to effectively
manage moisture stress. Pinto et al. [48] modeled similar conditions for ponderosa pine seedlings and
predicted that dry soils in the upper soil profile (0–15 cm) would reduce seedling photosynthesis and
transpirational relationships.

While our photosynthesis rates measured were comparable with those reported in the literature [49,50],
we did not observe a combined effect of vegetative competition × container volume, or container
volume alone on the net photosynthesis measurements of either species. Although seedling stocktypes
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differed in initial size, their carbon allocation rates did not. This is contrary to several comparable
studies that observed a significant influence of stocktype × competition interaction on photosynthesis
rates [14,15,25,26]. However, despite the significance of the interaction there is uniform correlation
that is shared by these studies. For example, Cuesta et al. [14] observed higher photosynthesis rates
for larger versus smaller stocktypes under high competition, with no differences in performance in
the absence of vegetative competition—an outcome expected in this study. Mohammed et al. [26] saw
increased photosynthesis rates in a smaller (57 cm3) stocktype under reduced competition, while a
larger (98 cm3) stocktype exhibited no change between competition treatments. Lamhamedi et al. [25]
saw no difference between black spruce produced in 110 or 300 cm3 containers either with or without
competition, but noted that in the presence of vegetative competition the largest (700 cm3) stocktype
performed worse compared to the smaller sizes. Finally, Pinto et al. [15] reported that high levels of
vegetative competition resulted in complete mortality among smaller stocktypes (60 and 90 cm3) of
ponderosa pine, whereas the largest stocktype (120 cm3) exhibited increased survival.

Soil moisture in the upper profile was not markedly different between competition treatments
early in the growing season. As the season progressed, however, differences between the treatments
became pronounced in the upper soil profile, and were larger than those at greater depths (>15 cm;
Figure 2). Due to the drastic changes observed in seedling physiology over time (seedling A and
Ψpd), and consequent survival (for western larch), there is evidence to suggest that a large portion
of the seedlings’ functional root system was in the upper profile. For example, our reported Ψpd
measurements for Douglas fir are similar to those observed in seedlings under high moisture
stress [13,51]. This corroborates findings of Pinto et al. [48], which show a strong correlation
between rooting depth, soil moisture, and physiological functioning. This also shows the importance
of considering the interaction of edaphic characteristics of a site with stocktype selection and
site preparation.

Successful seedling establishment depends on the ability of seedlings to quickly become coupled
to the site hydrological cycle and respond to environmental and silvicultural conditions [52]. The low
levels of photosynthesis and Ψpd, along with increased mortality (especially in western larch) under a
high level of competition indicate that the seedlings did not have ample resources and time to establish
prior to the onset of summer drought. Similar findings have been observed among ponderosa pine,
Aleppo pine, and Holm oak [14,15]. Along these lines, root growth is sensitive to both plant moisture
stress [22,53] and soil temperature [52,54]. Our data suggests that seedlings outplanted into reduced
competition conditions were able to access soil water in the upper profile, which had significantly
greater θ than those observed in the high competition plots, which promoted greater root egress
into the soil. Pinto et al. [15] reported that out of the three tested stocktypes that varied in volume
and length, only the largest, longest stocktype survived in high competition. That same stocktype
would have had roots that extended well into the zone of higher soil moisture measured within the
scope of our study, even under high competition. Thus, future work should focus on examining
the performance of taller containers, especially in conditions where vegetation control methods are
not available.

Interestingly, Douglas fir seedlings in HC plots experienced a recovery to pre-drought levels of Ψpd
in October, after rainfall resumed, but this was not accompanied by an increase in photosynthesis rates.
This contrasts findings by Pinto et al. [15], who reported an increase in post-drought photosynthesis
rates for the largest stocktype of ponderosa pine seedlings in high competition plots in October.
The difference in these reports could be related to the number of precipitation events. Pinto et al. [15]
stated that seedlings received several small rain events throughout the drought season, and prior to
the final gas exchange measurement. Drought conditions within our study were more pronounced,
with a complete absence of precipitation lasting 87 days during the first growing season. In addition
to species-specific drought response strategies [45], other studies have shown that photosynthetic
recovery is strongly influenced by the length and severity of drought [55]. The mechanism behind
this damage is attributed to restricted CO2 diffusion into the plant, a depletion of carbon reserves,
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and general metabolic impairment over time [56,57]. However, less severe intermittent drought,
followed by increased water availability, may allow for seedling acclimatization to drought and
eliminate the reduction in photosynthesis rates [58].

5. Conclusions

On sites with high vegetative competition resulting in depleted upper-profile soil moisture,
seedling mortality can be excessively high leading to establishment failure. This study used vegetative
competition to further increase summer drought conditions in order to isolate stocktype- and
species-driven differences in performance following outplanting while using uniformly-cultured
nursery seedlings, in an effort to reduce confounding. Our results indicate that the largest operational
stocktype evaluated in this study did not offer an advantage to overcoming drought conditions
observed in the first two growing seasons. When competing vegetation was controlled, ample soil
moisture remained in the upper profile, which refuted the initial differences in seedling size for
all but the smallest containers. Thus, western larch and, to a lesser extent, Douglas fir seedlings
planted on sites with moisture limitations require control of vegetative competition prior to spring
planting. Furthermore, in the Inland Northwest, Douglas fir and western larch seedlings selected
for spring planting may not require container volumes beyond 130 cm3, especially in the absence of
vegetative competition.
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Abstract: We replaced a control peat medium with up to 75% biochar on a volumetric basis
in three different forms (powder, BC; pyrolyzed softwood pellets, PP; composite wood-biochar
pellets, WP), and under two supplies of nitrogen fertilizer (20 or 80 mg N) subsequently grew
seedlings with a comparable morphology to the control. Using gravimetric methods to determine
irrigation frequency and exponential fertilization to ensure all treatments received the same amount of
N at a given point in the growing cycle, we successfully replaced peat with 25% BC and up to 50% PP.
Increasing the proportion of biochar in the media significantly increased pH and bulk density and
reduced effective cation exchange capacity and air-filled porosity, although none of these variables
was consistent with resultant seedling growth. Adherence to gravimetric values for irrigation at an
80% water mass threshold in the container revealed that the addition of BC and WP, but not PP,
required adjustments to the irrigation schedule. For future studies, we encourage researchers to
provide more details about bulk density, porosity, and irrigation regime to improve the potential
inference provided by this line of biochar and growing media work.

Keywords: bulk density; nursery production; growing media; nutrients; porosity; reforestation

1. Introduction

Deforestation is a global crisis [1–3]. As Haase and Davis [4] note, mitigating deforestation and
other forms of forest degradation often requires active afforestation and reforestation, especially the
outplanting of seedlings grown in nurseries. In addition, the practice of reforestation is recognized as
having, among management options relying on natural pathways, the greatest potential to mitigate
changes in climate [5]. Growing seedlings for reforestation in nurseries using containers is a common
practice worldwide, and a prominent method in, for example, Canada, Finland, Chile, and other
countries with intensive forest management activities.

While producing reforestation seedlings efficiently and economically has long been the prevailing
practice, a conundrum for nursery managers is how to do so while reducing impacts to the environment.
Recently, several techniques have emerged to diminish the environmental impacts of seedling
production. For example, reducing irrigation needs through sub-irrigation [6,7] and efficiently applying
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nutrients through controlled-release fertilizer [8] or exponential fertilization [9] can reduce runoff and
potential negative impacts on ground and surface water [10–12]. Using light-emitting diodes rather
than more traditional energy-consuming light sources works well [13–15]. In addition, employing
more sustainable organic materials to grow reforestation seedlings, such as coir [16], sawdust [17],
compost [18], or composted wood bark [19] are gaining interest as growing media because they
are perceived as a way to avoid issues (e.g., reduced biodiversity, increased carbon emissions)
associated with traditional Sphagnum peat moss harvesting [20,21]. Moreover, local alternatives
for some inorganic components of growing media, such as vermiculite or perlite that are mined and
often shipped great distances, are also being sought, especially given that the costs of some commonly
used amendments, such as vermiculite, continue to climb [22].

One alternative to inorganic and organic constituents in growing media for container plants
is biochar. Biochar is a carbon-rich byproduct consisting of the fine-granular material remaining
after pyrolysis, the process of combusting a biomass feedstock rapidly in the absence of oxygen [23].
In general, biochar properties appear conducive to plant growth in container nursery systems [24],
and have shown promising potential as a replacement for peat [21,25–27] and inorganic components
of media [24,28,29] in the production of container crops, including forest trees. In addition to its role as
a suitable component of growing media, biochar can also provide the extra benefit of sequestering
carbon (C) belowground; in addition to C storage, buried C provides enumerable ecosystem benefits
through the enhancement of many biogeochemical processes [30]. As noted by Dumroese et al. [24],
incorporating biochar into the growing medium becomes part of the seedling root plug, and therefore
most of the expense of the transportation and burial of the carbon, a significant hindrance in many
agricultural and forest situations [31,32], is already included in the overall cost of outplanting seedlings.

We previously described the potential of using pelleted biochar to grow seedlings in containers,
suggesting that pelletizing biochar may be a means to avoid both the nuisance dust associated with
it and its non-uniform distribution in small-volume containers typical of reforestation seedlings [24].
Our primary study objective was to evaluate different modes of biochar delivery to amend and replace
Sphagnum peat moss in the production of nursery plants in containers. Therefore, we report on the
growth of ponderosa pine (Pinus ponderosa) seedlings grown with three types of biochar (fine biochar
powder, pelletized fine biochar powder as described in Dumroese et al. [24], and pyrolyzed softwood
pellets) under two different supplies of nitrogen.

2. Materials and Methods

To satisfy the objectives, we grew Pinus ponderosa seedlings (Lolo National Forest, MT, USA,
730 m elevation) at the U.S. Department of Agriculture Forest Service, Rocky Mountain Research
Station in Moscow, ID, USA (lat 46.723179, long -117.002753) in various mixtures of Sphagnum
peat (peat) amended with either fine biochar powder, composite wood-biochar pellets, or pyrolyzed
softwood pellets.

2.1. Media Components and Analysis of Individual Medium

The peat was a fine-textured, non-fertilized horticultural grade without a wetting agent (Sunshine
grower grade green, Sun Gro Horticulture Ltd., Vancouver, BC, Canada). Biochar powder (BC) was
created as a byproduct of fast pyrolysis that was produced from 1 to 2 mm particles of cellulosic biomass
from mixed hardwood residues with <10% moisture, pyrolyzed at 450 to 500 ◦C (C-Quest biochar,
Dynamotive Energy Systems Corp., Richmond, BC, Canada), and with 69% C content, 9% ash, and
2.8 m2 g−1 surface area [33]. Composite wood–biochar pellets (WP) were produced at the Composite
Materials and Engineering Center (Washington State University, Pullman, WA, USA) by dry blending
43% BC, 43% finely-ground Pinus strobus wood flour, 7% polylactic acid, and 7% wheat starch in
a ribbon mixer and feeding that into a 75 kW (100 hp) commercial pellet mill fitted with a parabolic
entry die with an overall length of 63.5 mm. The mill extruded random length (4 to 25 mm) pellets
with an output diameter of 5.4 mm (see [24] for additional detail on material specifications and pellet
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output). Pyrolyzed pellets (PP) were the result of wood pellets (6 mm diameter; 5 to 15 mm length)
comprised primarily of Pseudotsuga menziesii and Tsuga heterophylla that were pyrolyzed at 500 ◦C for
10 min (Sonofresco, Burlington, WA, USA). By hand and on a volume basis (0, 25, 50, 75, and 100%),
we combined peat with BC, WP, or PP to form 13 distinct growing media (Table 1). All chemical and
physical assessments were conducted at the Natural Resources Institute Finland (LUKE) facilities in
Vantaa and Suonenjoki, respectively.

Table 1. Initial, mean (n = 5) pH, bulk density (Db), and effective cation exchange capacity (ECEC) for
peat amended with biochar (BC), pyrolyzed softwood pellets (PP), and composite wood-biochar pellets
(WP) at rates of 0, 25, 50, 75, and 100% (v v−1). Different letters within a column indicate significant
differences at α = 0.05.

Growing Media
Designation

(v v−1) (w w−1) a

pH
Db

(g·cm−3)
ECEC

(cmol·kg−1)
Peat (%)

Biochar
Amendment

(%)

Biochar
Amendment

(%)

Peat
Peat (control) 100 0 - 3.9 g 0.099 j 49.6 a

Peat + biochar (BC)
BC25 75 25 10 5.0 e 0.173 i 31.0 b
BC50 50 50 70 5.9 c 0.251 g 23.8 c
BC75 25 75 90 6.7 b 0.294 f 15.4 de

BC100 0 100 100 - 0.331 d 7.2 gh

Peat + pyrolized softwood pellets (PP)
PP25 75 25 7 4.5 f 0.179 i 31.8 b
PP50 50 50 69 5.4 d 0.264 g 17.8 d
PP75 25 75 90 7.0 a 0.313 e 11.1 f

PP100 0 100 100 - 0.318 de 5.2 h

Peat + wood-biochar pellets (WP)
WP25 75 25 44 4.4 f 0.223 h 22.7 c
WP50 50 50 81 4.7 ef 0.387 c 16.8 de
WP75 25 75 94 5.2 de 0.469 b 13.2 ef

WP100 0 100 100 - 0.527 a 10.4 fg

P values <0.0001 <0.0001 <0.0001
a Estimated from bulk density measurements.

2.1.1. Physical Properties

The particle size distribution for individual media components (peat, BC, WP, and PP) was
measured using a series of sieves (0.5 to 5 mm; n = 3). We determined bulk density as the ratio
of dry mass (dried at 105 ◦C) to saturated volume (n = 5) [34]. Particle density was estimated
using an average density of 2.65 g cm−3 for mineral and 1.5 g cm−3 for organic components [34,35].
Loss-on-ignition at 550 ◦C for 2 h provided an approximate estimate of the organic matter for each
growing medium (n = 5) [36]. We measured the water uptake and volume change of the growing
media directly from the bag using metal cylinders (height 60 mm, diameter 58 mm) filled with each
media; cylinders were placed into water kept 5 to 10 mm deep (n = 3) [24]. Volumetric water content
(VWC) at decreasing matric potentials (i.e., desorption water retention characteristics) was measured
using a pressure plate apparatus (Soilmoisture Equipment Corp., Santa Barbara, CA, USA) and
standard methods [37,38]—similar metal cylinders were filled with each growing media, saturated,
allowed to drain freely (to about −0.3 kPa), and then exposed to successive matric potentials of −1,
−5, and −10 kPa (n = 5). Water content was reassessed gravimetrically at each matric potential.
Our initial suction was 1 kPa because this value reflects the “container capacity”, the upper limit of
plant available water retained in the container following saturation and subsequent free draining of
the medium [39,40].
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Total porosity (TP) was estimated using:

TP = (Dp − Db)/Dp

where Dp is the particle density of the material and Db is the bulk density.
Air-filled porosity (AFP) was estimated using:

AFP = TP − VWC

where VWC is the volumetric water content at −1 kPa matric potential, assumed to be
container capacity.

Unsaturated hydraulic conductivity was measured using an automated evaporation ku-pF
apparatus (UGT GmbH, Müncheberg, Germany), where sample cylinders (n = 2) were sealed on
the bottom and the top of the core was allowed to evaporate at room temperature [41,42]. Cylinders
were measured every 10 min with moisture tensiometers.

2.1.2. Chemical Properties

Our measurements of total, soluble, and press water nutrient concentrations, as well as effective
cation exchange capacity, were replicated 5 times. We measured total C and nitrogen (N) from sieved
and air-dried samples on a CHN analyzer (LECO-1000, LECO Corp., St. Joseph, MI, USA). Samples
for other elements were digested by the closed wet HNO3-HCl digestion method in a microwave
(CEM MDS-2000; CEM Corp., Matthews, NC, USA) and the extract was analyzed on an iCAP 6500 Duo
ICP-emission spectrometer (Thermo Scientific Ltd., Cambridge, UK).

To assess soluble nutrients, we wetted samples of each medium and allowed them to incubate
for 1, 15, or 29 days at room temperature to see how amounts of soluble nutrients change over time,
especially N forms (see [24]). To mimic the wetting and drying cycles found under normal nursery
cultural practices, we remoistened the samples about twice each week. For each sample date, acid
ammonium acetate (pH 4.65) was used to gather soluble cations and easily soluble phosphorus (P).
We quantified the cations in the filtrate using the previously described ICP-emission spectrometer.
Soil ammonium (NH4-N), nitrate (NO3-N), and total N were determined from a KCl-extract
on a FIA-analyzer (Lachat QuickChem 8000, Lachat Instruments, Milwaukee, WI, USA). Using
a microwave (CEM MDS-2000 described above), we used the hot water refluxing method to extract
easily soluble boron [43], quantified using the previously described ICP-emission spectrometer.

For cation exchange capacity, substrates were prepared as described for soluble nutrients. We used
a 0.1 M BaCl2 solution to extract exchangeable cations, and their total concentrations in the filtrate were
determined using the previously described ICP-emission spectrometer. To determine exchangeable
acidity, the 0.1 M BaCl2 extract was titrated with a 0.05 M NaOH solution up to pH 7.8. Effective cation
exchange capacity [ECEC(cmol·kg−1)] was then calculated using:

ECEC(cmol·kg−1) = Na(cmol·kg−1) + K(cmol·kg−1) + Ca(cmol·kg−1) +
Mg(cmol·kg−1) + ACI_E(cmol·kg−1)

where ACI_E is exchangeable acidity from BaCl2 extract. Percentage base saturation was calculated as
the sum of the bases (Na, K, Ca, Mg) divided by ECEC.

To determine the nutrients in a press water extract after the incubation periods described above,
we pressed each growing media sample in a custom apparatus consisting of a cylindrical chamber and
a vertical piston that, when deployed, delivered a constant 300 kPa pressure. The resulting extracts
were measured for pH and electrical conductivity, filtered, and analyzed for dissolved micro and
macro elements on the previously described spectrometer. Concentrations of dissolved NH4-N, NO3-N,
and dissolved total N were determined on the FIA-analyzer described above. Because our analysis of
NO3-N included NO2-N, we estimated organic N (ON) using:

96



Forests 2018, 9, 232

ON = Ntotal − NH4-N − NO3-N.

2.2. Seedling Culture

Our original study plan only included peat, BC, and WP; these were tested the first year. As we had
the opportunity to obtain PP, we repeated the experiment the second year but limited the treatments to
peat and PP because of limited resources. In neither year were seedlings grown in media comprised of
100% BC, PP, or WP.

2.2.1. Year One

In early April (Julian dates 98 and 99, hereafter Julian), each medium was hand loaded into
3 trays that each held 98 Ray Leach SC-10 Super “Cone-tainers”™ (hereafter, cell; each 3.8 cm diameter,
21 cm depth, 164 ml, 528 seedlings m−2) and irrigated to container capacity. On Julian 111, three seeds
were sown per cell. After germination (Julian 127), germinants were thinned to one per cell and
240 individual cells from each medium were evenly dispersed across eight trays to faciliate irrigation
and fertigation (irrigation with soluble fertilizer added). Subsequently, four trays (120 seedlings) were
randomly assigned to each of two soluble N treatments: 20 (low N) or 80 (based on a typical rate [17])
mg N seedling−1 for the growing season. Daytime greenhouse temperatures ranged from 21 to 29 ◦C
and nighttime low temperatures were kept above 16 ◦C.

To avoid confounding N application and irrigation, we used exponential fertilization [17]
and determined the irrigation frequency and amount gravimetrically [44]. The basic exponential
fertilization equation was:

NT = NS × (ert − 1)

where r is the relative addition rate required to increase NS (initial level of N in plant) and NT is the
desired amount to be added during t, the number of fertilizer applications [45]. For both N rates,
t = 150 (the number of days between the first and last fertigation during the growing season) and
NS was assumed to be 0.5 mg N. For the NT = 80 mg N treatment, r = 0.03388 whereas for NT = 20,
r = 0.02476. The amount to apply on a specific day was calculated using:

NT = NS × (ert − 1) − Nt−1

where NT is the amount of N to apply daily, Nt−1 is the cumulative amount of N applied, and t
goes from 1 to 150. For each application, we custom-blended fertilizers, including micronutrients
(Peters Professional® S.T.E.M.™. The Scotts Company, Marysville, OH, USA) and chelated Fe
(Sprint 330; 10% Fe; Becker Underwood, Inc., Ames, IA, USA) to achieve these nutrient ratios: 100N
(54NO3

−: 46NH4
+): 90P: 109K: 68S: 33Mg: 3Fe: 0.3Cu: 0.3Mn: 0.7Zn: 0.2B: 0.006Mo.

For gravimetric water content, we determined the average mass of an empty tray, 30 empty
cells, and their oven-dry growing medium (60 ◦C for 72 h). On Julian 102, each tray was weighed
approximately 60 min after watering to container capacity; the mass of the container at container
capacity minus the container and media mass equaled the mass of the water. Between Julian 103
and 131, cells were weighed daily at 0800 and irrigated when the water mass reached a threshold
of 80% (±5 percentage points) of the water mass at container capacity [44]. Container capacity mass
was recalculated monthly to adjust for media shrinkage and plant biomass. Beginning on Julian
131, seedlings were fertilized during each irrigation (fertigation). The necessary amount of fertilizer
(cumulative daily amounts since the prior irrigation) was diluted in the calculated amount of water
required to recharge the medium to container capacity. Fertigation solutions were carefully applied
by hand to individual seedlings to ensure an even distribution of nutrients and minimize leaching.
From the end of the fertigation period (early October; Julian 281) until harvest, seedlings were
irrigated when the water mass reached 75% (±5 percentage points). Fourteen days after the last
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fertigation, greenhouse temperatures were allowed to go ambient but above freezing (4 to 10 (day)/2
to 4 ◦C (night)).

Eight randomly-selected seedlings (two from each tray) from each medium × fertilizer combination
were sampled on Julian 328. We measured height and stem diameter at the root collar (RCD).
Shoots were separated from roots, roots were gently washed free of media, and roots and shoots were
dried 72 h at 60 ◦C to determine biomass. Tissue samples were analyzed for macro-and micro-nutrient
concentrations by JR Peters Laboratory (Allentown, PA, USA).

2.2.2. Year Two

We used the same seed and peat sources and followed the methods described above, except that
BC was not repeated and PP replaced WP. Due to logistical constraints, seeds were sown on Julian 165
and fertigation commenced on Julian 182. Therefore, the exponential fertilization period was shortened
to t = 93; thus r = 0.0546 for NT = 80, and r = 0.0399 for NT = 20. On Julian 311 seedlings were sampled
and analyzed as described above.

2.3. Statistical Analyses and Visualizations

We used generalized linear mixed models (GLIMMIX) within SAS (version 9.4 Software; SAS, Inc.,
Cary, NC, USA) to compare treatment means using the Gaussian response distribution and the default
covariance matrix format. Type III tests were utilized. We used Tukey–Kramer adjustments for post-hoc
multi-comparison tests of the differences between model means.

GLIMMIX tested for differences among the biochar types (BC, PP, WP) and peat for media
physical and chemical properties. For seedlings, we previously speculated [24] that peat amended
with ≥50% WP would likely experience too much expansion when wetted to be a valid treatment in
a nursery. Indeed, when wetted in the current experiment, WP ≥50% expanded and split the cells.
Subsequently, we were unable to control water loss (evaporation as well as fertigation) through the
ruptures, and although we continued to culture the seedlings, the result was extremely poor growth.
Thus, seedling growth in WP50 and WP75 was excluded from analysis.

Seedling biomass and soil chemistry data was relativized using response ratios in order to reduce
variation between the two years [46]. The response ratio is the difference between the natural logarithm
for each biomass variable (shoot height, stem diameter at the root collar, shoot and root dry biomass)
and soil chemistry variable (media C, N, pH and electrical conductivity (EC)) and the natural logarithm
for each biomass, soil chemistry, or VWC control (100% peat treatments). Seedling biomass response
ratios were analyzed using GLIMMIX, accounting for the split-plot design by including the nitrogen
treatment as the whole plot followed by media treatment as the split-plot (n = 9) before comparing
variable means.

Visualizations, including vector diagrams that allow for the robust presentation and comparison
of relative values [47], were created using SigmaPlot (version 13.0; Systat Software, San Jose, CA, USA).

3. Results

3.1. Media Characteristics

3.1.1. Physical Properties

The mean particle sizes of peat were the most evenly distributed, with all size classes well
represented except for >5 mm (Table 2). In contrast, most (99%) of the BC had a particle size ≤1 mm,
whereas for pellets (PP and WP) most (85%+) of the particles were >2 mm, and for PP nearly half
were >5 mm. Peat had the lowest Db (0.099 g cm−3) and BC and PP had a similar Db at each added
proportion, ranging from about 0.176 g cm−1 at the 25% level to about 0.323 g cm−3 at 100%; and WP
had the highest Db at each added proportion, ranging from 0.223 to 0.527 g cm−3 as the proportion of
WP increased in the media from 25 to 100%, respectively (Table 1). Organic matter (%) significantly
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decreased as the amount of peat replaced by individual biochar-based components increased (Figure 1).
Across the components, peat had the greatest level of organic matter, followed by WP, and finally
BC and PP.

Table 2. Mean particle size distribution (%) of the peat, biochar powder (BC), pyrolyzed softwood
pellets (PP), and composite wood−biochar pellets (WP) (n = 3).

Mean Particle Size Distribution (%)

(mm)

<0.5 0.5−1 1−2 2−5 >5

Peat 30.8 22.7 27.6 13.3 5.6
BC 92.5 6.6 0.7 0.2 0.0
PP 4.7 2.5 2.4 44.9 45.5
WP 8.0 2.7 4.3 65.9 19.2
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Figure 1. Organic matter (n = 5) for peat and peat amended with biochar powder (BC), pyrolyzed
softwood pellets (PP), and composite wood−biochar pellets (WP) at rates of 25, 50, 75, and 100%
(v v−1). Vertical boxes represent approximately 50% of the observations and lines extending from each
box are the upper and lower 25% of the distribution. The solid horizontal line in the center of each box
is the median value. Different letters indicate significant differences at α = 0.05.

When initially exposed to water, all growing media absorbed water with the exception of BC100
(data not shown). During the first 5 min, BC25 and BC50 absorbed only about one-fourth and one-fifth
that of peat, respectively. Conversely, absorption doubled or tripled for PP ≤75 compared to peat
and absorption values for WP25 and WP50 were similar to peat. Upon initial wetting of the media
to container capacity, only WP50, WP75, and WP100 showed an increase in volume (≈12 to 27%)
(Figure 2). Conversely, the shrinkage in peat was about 9%. The addition of BC ≤75% and any addition
of PP (except PP50) decreased the shrinkage relative to 100% peat.
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Figure 2. Change (percentage points) of bale-dry sample volumes during wetting in cylinders from
below (n = 3; mean ± standard deviation). Peat was amended with biochar powder (BC), pyrolyzed
softwood pellets (PP), and composite wood−biochar pellets (WP) at rates of 0, 25, 50, 75, and 100%
(v v−1). PP75 had no change (all values were zero) and PP100 was not measured.

For peat, the water conductivity occurred at the highest matric potential (−0.3 kPa) but the rate
was variable (1 to 10 cm day−1), declining steadily once the matric potential dropped to −10 kPa
(Figure 3). BC50 and WP25 also showed consistent conductivity of about 1 cm day−1 at the highest
potential. While BC50 followed a similar trend to peat, conductivity in WP25 began a steady decline
at about −10 kPa. Water moved about 1 cm day−1 in PP50 at matric potentials between −1 and
−10 kPa. BC25 and PP25 had little conductivity at matric potentials <−7 kPa, whereas WP50 had little
conductivity at matric potentials <−5 kPa.

Once brought to container capacity, the subsequent volumes of the media during drying from −1
to −10 kPa varied. The volume of peat at each matric potential decreased (94.2 to 90.7 to 89.1% for −1,
−5, and −10 kPa, respectively), and each volume was significantly lower than any biochar-amended
media (Figure 4). BC25 and WP25 displayed the next greatest amount of shrinkage, significantly
more than the other BC and WP rates, and all PP. In general, when the proportion of any biochar
was ≥50%, the changes in volume were small (<5% shrinkage to <4% swelling). At −1 kPa, VWC,
in general, decreased as the amount of biochar amendment increased (Figure 5). Amending peat
with BC significantly reduced air-filled porosity (AFP) compared to all other treatments (about a 65%
reduction compared to peat). AFP in peat, peat amended with up to 50% PP, and all rates of WP were
fairly similar (28 to 38%); higher rates of PP (75 and 100%) increased the AFP by about 34 and 75%,
respectively, compared to peat.
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3.1.2. Chemical Properties

All four media components (peat, BC, PP, and WP) had significantly (P < 0.0001) different
amounts of C (53, 74, 91, and 59% for peat, BC, PP, and WP, respectively). For N, peat had the greatest
concentration (1.3%), significantly (P < 0.0001) more than BC and PP, which had similar values of 0.37
and 0.45%, respectively, which were statistically greater than WP (0.23%).

Peat had an initial pH of 3.9 (Table 1). Additions of biochar in any form increased the pH and the
media with the most biochar also had the highest pH. Nitrogen content varied among media (Table 3);
total N in the media containing pure biochar (either BC or PP) followed the same trend, with total N
decreasing with increasing amounts of amendment. The opposite result was noted for WP. PP had, in
general, greater total N and more ammonium at each amendment rate than BC. WP had minor amounts
of ammonium regardless of the amendment rate. Conversely, WP had higher amounts of organic
N compared to either BC or WP, which had similar amounts. Low levels of nitrate were observed
across all media and amendment levels. The levels of soluble elements varied by media. Compared to
peat, amending with biochar in any form reduced the amounts of calcium, magnesium, manganese
(Mn), and sulfur and increased the levels of boron (B) and potassium (K) (Table 4). Low levels of
heavy metals (cadmium, chromium, copper, nickel, and lead) were observed in the press water extract
regardless of the amendment level (Table 4).

The effective cation exchange capacity (ECEC) was greatest in pure peat (Table 1). The addition of
25% v v−1 of any amendment significantly decreased ECEC by 37 to 46%, and each additional 25%
v v−1 increase further decreased ECEC. Pure amendment had, on average, just 15% of the total ECEC
of pure peat.
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3.2. Seedling Growth

Although the media and N fertilization rate interacted to affect RCD, shoot biomass, and root
biomass measured at the end of the experiment (Table 5), N fertilization as an independent variable was
not significant. This is likely an artifact of analysis because the morphological values of seedlings from
the biochar-amended media were normalized to the control for each year, and the pattern of growth
was similar for each level of N (Figure 6). We noted no significant differences in the morphological
attributes for the control and seedlings grown with ≤50% biochar (all P > 0.05), with the exception of
WP, where a 25% addition dramatically reduced all morphological parameters relative to the 100%
peat control. For BC, the higher rate of N in combination with a 25% addition yielded similar results
(95 to 108%) to the control for all morphological traits, as did the addition of PP at either 25% or
50% (91 to 107%). Moreover, with the higher N rate, BC25, BC50, and PP25 had similar shoot N
concentrations (96 to 100% of the control), whereas PP50 had 86% of the control.

Table 5. P-values for final seedling morphological characteristics.

Independent Variables Height Stem Diameter Shoot Biomass Root Biomass

N fertilization (F) 0.2672 0.1341 0.0784 0.6250
Medium (M) <0.0001 <0.0001 <0.0001 <0.0001

F × M 0.6368 0.0143 <0.0001 0.0335

For the most part, the concentrations of macro-and micro-nutrients in the shoots, regardless of
amendment or N rate, were within the standard ranges for conifer seedlings [48,49]. Iron (Fe), B, and
Mn were most affected. Seedlings grown with BC25 and BC75 and 20 mg N had 41 to 340% more Fe
than the control, which exceeded (by about 40%) the high end of the recommendation range (200 ppm).
All seedlings grown with PP and receiving 80 mg N had B values 10 to 40% higher than the peat control
(4 to 22% higher than the 100 ppm recommendation). Mn was high across all treatments; only the
two amendments with 75% biochar, BC75 and PP75, fell within the recommended range of 100 to
250 ppm. All others ranged from 300 to 640 ppm. For all treatments, molybdenum fell within the
recommended range (0.05 to 5 ppm), but the control peat had the lowest concentrations (0.05 ppm),
whereas all biochar-amended treatments ranged from 0.1 to 4.2 ppm with an average of 1.2 ppm.

The substrates affected the number of irrigations required using a water mass threshold of 80%
of container capacity. We observed less irrigation events for the BC and WP treatments, whereas PP
required about the same number as pure peat (Table 6). The BC irrigation frequency was reduced from
12 to 25%, with the greatest reduction noted when 50% of the peat was replaced.

Table 6. Relative number of irrigation events for peat, biochar powder (BC), pyrolyzed softwood
pellets (PP), and composite wood−biochar pellets (WP) substrates using a target water mass of 75%.

Percentage of Peat Replaced (v v−1)

0 25 50 75

Peat 100
BC 88 75 88
PP 101 102 100
WP 58 — —
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Figure 6. Vectors representing the changes in relative morphological values (height; root-collar diameter,
RCD; and root and shoot biomass) for seedlings grown in peat (endpoint) and peat amended with
biochar powder (BC), pyrolyzed softwood pellets (PP), and composite wood−biochar pellets (WP) at
rates of 25, 50, and 75% (v v−1; arrows) and supplied with either 20 (solid black line) or 80 (dashed green
line) mg N. The control means for each N rate (low/high) are provided.

4. Discussion

For healthy seedling growth, media pH, CEC, inherent fertility, and porosity are some of the most
important aspects. Our peat substrate had the lowest pH (3.9), but was typical for Sphagnum [50].
The lowest rates of biochar (25%) and peat had pH values lower than the range of 5.5 to 6.5
recommended for most woody plants for restoration [48], although it was within the recommended
range for conifers grown in pure peat (4.5 to 5.5 [51]). Replacement of 50% of the peat with the biochar
amendments yielded values within the Landis et al. [48] range, and replacement of 75% peat exceeded
that range. Bunt [50] notes, however, that most plants can be grown across a wide range of pHs
provided that nutrients are appropriately supplied.

All of the components within our media were organic. Organic matter (OM) increases the cation
exchange capacity of native soils by increasing the number of negative exchange sites available to retain
nutrients. Therefore, it is interesting to note the decline in OM across all amendment combinations as
compared to the peat (Figure 1). Our samples were analyzed by Ball’s [36] loss-on-ignition and this
method is routinely used for soil samples. This method may have shown lower levels of OM in the
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biochar treatments because charcoal is resistant to further heating and mass loss. Biochar (or black
carbon) is not easy to volatilize [52] and, therefore, other thermal or chemical methods may be a better
way to assess the contribution of carbon to the amendments. Despite not being able to categorize OM
adequately, biochar is unique in that it has a high cation exchange capacity, which can significantly
increase nutrient retention because of the higher surface charge [53]. However, the direct evidence of
biochar’s influence on nutrient cycling and retention in soils is inconsistent [54]. For example, biochar
may accelerate nutrient cycling in the long-term and serve as a short-term source of highly available
nutrients [55]. Many of the changes in nutrient cycling are related to specific biochars (e.g., feedstock,
pyrolysis temperatures) and how they age within the soil matrix. Very little is known about the nutrient
exchange from biochar in a nursery setting.

During nursery production, a high cation exchange capacity is desired because it mitigates the
leaching of nutrients during irrigation, which maintains a high level of substrate fertility [48]. Earlier
we reported that replacing 25% (v v−1) peat with WP reduced the effective cation exchange capacity
(ECEC) by about 50% [24]; here we found that replacing 25% peat with either BC or PP only reduced
ECEC by about a third (Table 1). These changes in ECEC did not, however, result in large differences
in observed shoot nutrient concentrations (data not shown); we believe that our strict adherence to
irrigation applied at discrete thresholds, hand application, and the use of exponential fertilization
to ensure that all treatments received the same level of N, may have reduced any potential negative
effects of nutrient leaching during fertigation [17,44].

Compared to peat, we noted high levels of soluble K when any amount and type of biochar
was used (Table 4), as well as a decreases in soluble Mg, and this was also apparent in the press
water extracts. High values of K have also been noted by others, with suggestions that biochar
may serve as the sole source of K in container production systems [28,56–58]. We noted increases
in shoot K concentrations of 6 to 31% when BC or WP replaced peat (which yielded an average
value of 0.93% K), but the values when PP was added were more modest (zero to +4%). While using
biochar as the sole source of P has also been suggested [56] and increased nutrient concentrations
have been observed with 10% v v−1 [56] and ≤35% w w−1 [58], we only noted increases (of about
15%) with PP concentrations ≤50%. While high rates of K were associated with Mg deficiency in
Pinus radiata [59], we noted that our combination of biochar and fertigation programs yielded shoot
Mg concentrations 4 to 50% higher than the peat, with the exception of PP50 and PP75, which had
7 to 11% reductions, respectively. Despite these findings, the values were generally similar to peat
(0.12% Mg versus 0.11% Mg) and within the suggested range of Landis et al. [48]. Although we did
not specifically test whether biochar could provide sufficient P and K for seedling growth, our varied
results across biochars and proportions suggest that when appropriate nutrition is provided through
fertigation, addition by biochar are probably not sufficient to be excessive, and that reliance on biochar
as a fertilizer will be biochar-specific.

In his review, Heiskanen [60] suggests that an air-filled porosity (AFP) at −1 kPa near 40% is an
optimum threshold for container reforestation seedlings, and later determined that 50% of the TP is
about optimum WC and AFP for any medium [18]. In this study, the peat had an AFP of about 35%,
and replacing the peat with PP yielded media with an AFP ranging from 29 to 47% (increasing with the
increasing addition of biochar; Figure 5). These treatments also required similar intervals of irrigation
(Table 6), suggesting similar water and air availability to seedlings among the range of amendments.
In contrast, the replacement of peat with BC generated media with a very low AFP (14, 10, and 13% as
the amendment increased from 25 to 50 to 75%). This higher proportion of water-holding capacity at
the expense of air-filled porosity is reflected in the decreased frequency of required irrigation (Table 6);
notably the lowest AFP treatment (BC50) required the fewest irrigation events. WP25, despite having
a near-optimum AFP (39%), required the least number of irrigations. Heiskanen [60] cautions, however,
that water-and air-filled porosities “do not actually or commensurably describe the availability of air or
water to the roots in all media”. Accordingly, we observed good growth of the seedlings in BC25 given
the higher rate of N despite the low AFP, and less satisfactory growth of PP75 seedlings and very poor
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growth of WP25 seedlings despite a near-optimum AFP. Other factors, such as bulk density (Db), likely
have an effect, given that BC25 had a relatively low Db and PP75 had a relatively high Db. Certainly
a low Db is important. Vaughn et al. [26], working with cultivars of tomatoes (Solanum lycopersicum)
and marigolds (Tagetes erecta), and biochar substrates (≤15% v v−1) with fairly similar Db (0.13 to 0.17)
and AFP (24 to 29%), observed few differences in plant growth with the exception of tomato height.
In a second experiment with the same species, Vaughn et al. [21] found that biochar mixtures with
the greatest AFP (about 47%) yielded the highest amount of biomass for each species. In addition,
Conversa et al. [61] reported very good seedling growth with biochar additions up to 70% (v v−1);
as the biochar additions increased from zero to 70%, Db shifted upward from 0.13 to 0.16 g cm−3 and
the AFP increased from 13 to 21%.

Our results, similar to those of several others [21,25–27,61,62], suggest that acceptable plant
growth can often be achieved when peat-based substrates are replaced with suitable biochar forms
≤50% (v v−1). In addition, it is important to consider that in an operational setting and on an annual
basis, prudent nursery managers adjust cultural practices to ensure target seedling growth [63,64],
and a similar approach would be sensible when incorporating biochar into the growth medium.
In their review of the association between biochar and plant diseases, Frenkel et al. [65] caution,
however, that biochar rates exceeding 3% (w w−1) were more conducive to disease (our 25% v v−1

rates ranged from about 7 to 44% w w−1; see Table 1). The authors note that soil-borne pathogens
were commonly enhanced in 83% of the studies they reviewed, but foliar pathogens were enhanced
in only 33% of the studies. For forest nurseries in western North America, soil-borne pathogens
(i.e., Cylindrocarpon, Fusarium, and Pythium) are ubiquitous (e.g., [66]), but the expression of disease is
usually only associated with prolonged, excessive moisture in the growing media (e.g., [66–69]) often
due to excessive irrigation. In addition, the basal portion of all containers, post irrigation, experience
saturated conditions for some duration, which is a function of plant phenology, container height,
and medium porosity [60]. Too frequent irrigation, even if applied to “maintain container capacity”,
can prolong this saturated condition, particularly for media with lower porosity, as can be found
when biochar is added, and the resulting anaerobic conditions can be stressful to seedlings [6,69,70].
Several studies reviewed by Frenkel et al. [65] that show enhanced disease expression with higher
rates of biochar provide either scant, ambiguous, or solely qualitative estimates on how irrigation was
managed during the experiments. This is unfortunate, given that Heiskanen [18] notes that when
peat-based media are amended, particularly with organic components, irrigation should be adjusted
for each mixture to achieve the correct water, oxygen, and nutrient availability. Indeed, Matt et al. [27]
found that after increasing the volumetric proportions of biochar powder (same as the BC used in
this study) in a well-drained, peat-based substrate (3:1:1 v:v:v peat, perlite, vermiculite), the irrigation
frequency required to achieve similar water mass across treatments during the course of the experiment
was reduced. That is, due to the specific water retention characteristics of the biochar treatments,
those biochar treatments required less frequent irrigation (about 40% for the highest rate of biochar)
compared to the more well-drained peat-based substrate. Our results were less straightforward, but we
still noted a 12 to 25% difference in irrigation frequency among our biochar treatments. Given that
frequent irrigation to container capacity of the media with higher water retention increases the risk of
waterlogging [71], the elevated occurrence of disease associated with higher rates of biochar (with its
subsequent higher water retention) may be a function of poor irrigation management.

While irrigation and fertilization methods are often poorly described in studies evaluating biochar
and its impacts on disease expression, the same is true for published studies evaluating seedling
performance when grown in biochar-amended substrates. As concluded by Pinto et al. [72], applying
nursery culture without regard for the intrinsic nature of the differences provided by the treatments,
for example, irrigating plants with a range of biochar additions every three days regardless of water
availability, only evaluates the irrigation practice, not the true potential of the treatment (in this
example, biochar). Thus, more attention to irrigation and fertilization practices that avoid confounding
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should be practiced. Irrigation can be easily managed by measuring water mass loss [44] and is
an effective technique to reduce confounding irrigation and fertilization in greenhouse trials (e.g., [17]).

5. Conclusions

We evaluated replacing peat with three types of biochar (BC, powder; PP, pyrolyzed softwood
pellets; WP, composite wood-biochar powder pellets) up to 75% (v v−1) and under two exponential
fertilization regimes that supplied either 20 or 80 mg N during the course of the experiment.
Exponential fertilization and gravimetric determination of water loss from the media were used
to avoid confounding these variables across biochar types and proportions. Seedling growth patterns
were similar for either N supply, suggesting that biochar alone has little effect on the overall substrate
fertility. Additions of 25% (BC) and up to 50% (PP) with concurrent application of 80 mg N yielded
seedlings with similar growth to the peat control. Worldwide, studies have demonstrated mixed
responses in terms of plant growth when biochar was a component of the growing media. A better
understanding of the potential for biochar as a nursery substrate may be achieved through proper
irrigation and fertilization techniques and the reporting of basic media characteristics, in particular
bulk density and air-filled porosity.
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Abstract: Since the early 20th century, silviculturists have recognized the importance of planting
seedlings with desirable attributes, and that these attributes are associated with successful seedling
survival and growth after outplanting. Over the ensuing century, concepts on what is meant by a
quality seedling have evolved to the point that these assessments now provide value to both the
nursery practitioner growing seedlings and the forester planting seedlings. Various seedling quality
assessment procedures that measure numerous morphological and physiological plant attributes
have been designed and applied. This paper examines the historical development of the discipline
of seedling quality, as well as where it is today. It also examines how seedling quality is employed
in forest restoration programs and the attributes that are measured to define quality. The intent is
to provide readers with an overall perspective on the field of seedling quality and the people who
developed this discipline from an idea into an operational reality.

Keywords: seedling quality; historical perspective; morphological attributes; physiological attributes

1. Introduction

Forest restoration is a complex process that requires many steps to ensure successful forest
establishment. These steps include choosing suitable tree species and provenance, applying
nursery cultural practices to produce quality seedlings, ensuring proper seedling handling practices,
and making site modifications to improve the physical environment of the restoration site [1,2].
Implicit within a seedling production program is the recognition that inherent species attributes [3]
and phenotypic traits created during nursery culture [4] are both important in determining initial
seedling field performance. Thus, seedling quality is a critical component in ensuring a successful
forest restoration program.

This review summarizes the evolution of seedling quality from three perspectives. First,
a historical perspective outlines a timeline for the evolution of this discipline over the past century.
Second, the application of seedling quality within restoration programs is discussed from the
perspectives of monitoring the process and monitoring the product. Third, various plant attributes
that have been considered or are currently in operational use for defining seedling quality are
discussed. The intent of this review is to provide nursery practitioners and foresters with a better
understanding of seedling quality so they can effectively apply these assessment practices in their
forest restoration program.

2. Historical Perspective on Seedling Quality

The focus on seedling quality in forest restoration programs goes back at least a century (Table 1).
Since the early 20th century, silviculturists have recognized the importance of planting seedlings with
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desirable attributes, and that successful establishment was associated with these attributes [5]. Early
on, foresters examined plantation failures in an attempt to discern causes of poor performance, because
of the silvicultural investment needed to ensure seedling establishment (e.g., [6–9]). Often, poor
performance was attributed to environmental stress, animal grazing, or damage from disease or insects.
However, poor-quality seedlings [8] and the inability of planted seedlings to grow roots [9] were also
suggested as probable causes of plantation failure. Thus, these early researchers began to ask questions
as to how best to grow quality seedlings and what plant attributes influence seedling survival and
growth (i.e., field performance) after planting on reforestation sites. Furthermore, studies initiated on
southern pines in the 1930s [10,11] were groundbreaking, in that they showed that seedling attributes
measured at the end of nursery culture were related to subsequent seedling field performance.

Table 1. A chronological list of references that discuss seedling quality, review seedling quality issues,
or provide conceptual ideas related to seedling survival and/or growth after outplanting.

Author(s)/Date Relevance to the Discipline of Seedling Quality

Toumey (1916) [5] Desirable seedlings are selected for their “vigor and growing power”
Kittredge (1929) [8] Poor-quality planting stock is defined as the reason for plantation failure.

Wakeley (1935) [12] Higher morphological (i.e., shoot and root length, diameter) grades of seedlings showed
“consistent superiority” over lower grades of seedlings.

Rudolf (1939) [9] The inability of planted seedlings to grow roots is defined as the reason for plantation failure.

Wakeley (1948) [10]
“Grades applied to nursery stock can be useful only so far as they distinguish seedlings with a
high capacity for survival and growth after planting from those with a low capacity” (i.e.,
physiological grade).

Wakeley (1954) [11] Recognized importance of physiological quality for survival and growth. Seedlings within a
defined height range and increasing stem diameter grew best.

Stone (1955) [13] “If the root system did not increase in size at a fairly rapid rate . . . the seedlings would die of
drought . . . ”

Stone and Schubert (1959) [14];
Stone et al. (1962) [15]

Determined that periodicity of root regeneration potential was the basis for defining lifting and
cold-storage schedules that avoided early plantation failures.

Rowe (1964) [16] Proposed that preconditioning might be useful for acclimatizing seedlings to improve their field
performance.

Lavender and Cleary (1974) [17] “ . . . seedlings must be produced in such a way as to be physiologically ready to outplant into
the field environment”

Tinus (1974) [18] Seedlings must be in the “proper physiological state” to survive in the field environment.

Lavender (1976) [19] Recognized importance of seedling physiology for field performance; initial stages of
articulating seedling quality.

van den Driessche (1976) [20] Stated “physiological factors likely to influence survival and growth,” but questioned whether
they can be incorporated into “a grading system”

Cleary et al. (1978) [21] Seedlings with appropriate morphological characteristics that are properly conditioned and
vigorous positively “influence(s) reforestation success”

Sutton (1979) [22] Morphological attributes related to seedling performance, but variability in field performance
leads to conclusion it is “ . . . not what a tree looks like but how it performs in the field”

Sutton (1980a) [23] “The quality of planting stock is the degree to which that stock realises the objectives of
management at minimum cost. Quality is fitness for purpose.”

Sutton (1980b) [24] “In stressful outplanting situations . . . morphology is an inadequate or misleading indicator
of performance.”

Timmis (1980) [25] Physiological variables define seedling performance; seedling response to site conditions
drives growth.

Chavasse (1980) [26] Seedling appearance is not a good measure of field performance. All steps in regeneration
silviculture affect field performance.

Schmidt-Vogt (1981) [27] Stress tolerance of seedlings “holds a key position” in the establishment of forests.
Burdett (1983) [4] First comprehensive list of seedling characteristics that “enhance early plantation performance”

Iverson (1984) [28] The biological goal is to plant seedlings that have the desired genetic, morphological, and
physiological characteristics to utilize site resources most fully.

Ritchie (1984) [29] Morphological characteristics exert primary influence on performance when seedlings are
physiologically sound.

Duryea (1985a) [30] The first seedling quality compendium detailing application of many seedling attributes still
commonly used in assessment programs.

Duryea (1985b) [31] “Having a wide array of tests to choose from may soon enable us to predict a seedling’s
suitability to a particular planting site . . . ”

Kramer and Rose (1986) [32] Physiological processes are the “machinery” through which genetics and nursery culture
determine seedling quality.

Glerum (1988) [33] Attributes define a seedling’s “performance potential”, but sound silvicultural practices are
required for “optimal field performance”
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Table 1. Cont.

Author(s)/Date Relevance to the Discipline of Seedling Quality

Lavender (1988) [34] “At present there is no really effective method to measure seedling vigour.”

Puttonen (1989) [35] Morphological traits describe “overall suitability” and physiological traits predict
“acclimatization” to the site.

Hawkins and Binder (1990) [36] “...no one test will be able to predict stock quality...,” rather an integration of tests is required to
define “seedling fitness” for field performance.

Rose et al. (1990) [37] The “target seedling concept” was developed to define specific morphological and physiological
seedling attributes “that can be quantitatively linked to reforestation success”

Johnson and Cline (1991) [38] No single test is best and a “battery of tests is required to consistently predict seedling quality”
Langerud (1991) [39] The term “viability” is the best descriptor for tests assessing seedling quality.

Omi (1993) [40] No single attribute can “solely predict outplanting success”. However, a “wide array of seedling
tests may be impractical”

Grossnickle and Folk (1993) [41] A combination of tests simulating field conditions are required to forecast, not predict, growth.

Folk and Grossnickle (1997) [42] The distinction between seedling quality testing for initial survival or growth potential is
required for better decision making in forest restoration programs.

Mattsson (1997) [43] Single morphological attributes cannot forecast performance. A combination of morphological
and physiological attributes can possibly “predict field performance”

Mohammed (1997) [44] Measurement of attributes is critical for defining viable seedlings that can survive in the field,
although it is difficult to reliably forecast growth.

Puttonen (1997) [45] Morphological attributes can be used to “predict field performance”

Grossnickle (2000) [2] Attributes supply useful performance information, although there are forecasting limitations
depending on timing of tests and field site conditions.

Colombo (2004) [46]; Wilson and
Jacobs (2006) [47]

First reviews to focus on hardwoods; their unique characteristics mean alternative
morphological attributes or timing of physiological measurements should be considered.

Haase (2008) [48]
Many morphological and physiological variables can be measured to track and assess seedling
quality. Defined a list of most commonly used morphological and physiological measurements
of forest seedlings.

Ritchie et al. (2010) [49] Morphological attributes “seldom change” after lifting, thus they project to the field, whereas
physiological attributes “provide only a momentary analysis of plant quality”

Villar-Salvador et al. (2010) [50]
Review focused on the uniqueness of Mediterranean woody species and that, although
somewhat similar, seedling quality practices need modification for species of this
geographic region.

Landis (2011) [51]
The “target seedling concept” expanded to the “target plant concept” thereby including all types
of plant materials (e.g., trees, shrubs, grasses) and including seeds, cuttings, or wildlings, as well
as traditional nursery stock.

Dumroese et al. (2016) [52] Application of the “target plant concept” to the nursery manager-client partnership with the
goal of meeting forest restoration objectives.

In the mid-20th century, researchers began to critically examine what it took to grow quality
seedlings in nurseries and what plant attributes conferred improved field performance (Table 1).
These programs initially focused on bareroot seedlings [10,11,13]. Many of these measurements were
related to morphological attributes [11] or root growth [13]. However, physiological attributes [10] and
periodicity of root growth [14,15] were recognized as important factors affecting field performance.

In the 1970s, the emergence of container nurseries with their inherent ability to have greater
control of cultural practices [53] created a realization that seedling physiology could be manipulated to
change seedling quality (e.g., [17,18,54]). This realization began with the idea, proposed by Rowe [16],
that cultural practices could be applied to acclimatize seedlings and improve their field performance.
At this time, selection of species and locally adapted genetic sources also became part of the seedling
quality discussion [18]. Together, these changes gave researchers and practitioners an opportunity to
produce quality container-grown seedlings that resulted in new standards of field performance [55].
This was the start of seedling quality programs based on the need for a better understanding of
seedling performance capabilities in relation to forest restoration sites (Table 1).

In the late 1970s and early 1980s, forest scientists were discussing the morphological and
physiological attributes of seedling quality (Table 1). At this time, Sutton [23] proposed defining
seedling quality as “fitness for purpose”, meaning that seedlings are grown not just for the sake of
producing nursery stock, but rather to achieve some objective(s) of management [24]. Subsequently, it
became the standard definition for seedling quality, and remains so to this day [49,52]. Interestingly,
this definition also mirrors one of the basic tenets of quality-assurance programs in manufacturing, i.e.,
that the product should be “fit for purpose” [56] (see Section 3.1).

Sutton [24] suggested that improvements in seedling quality would only occur when both
morphological and physiological attributes were considered. Jaramillo [57] was one the first to
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provide a brief list of measurement techniques to evaluate seedling quality. Burdett [4] proposed a
more comprehensive list of morphological (e.g., bud, shoot, root) and physiological (e.g., carbohydrate
reserves, dormancy, drought tolerance, freezing tolerance, nutrient status) attributes which, if present
in seedlings within the proper range of values, would “enhance” seedling performance after planting.
These measured attributes quantify a seedling’s growth potential, with field performance dictated
by how site conditions affect this potential [58]. Burdett [4] proposed that phenotypic traits created
during nursery culture were necessary for matching seedlings to site conditions (i.e., that these traits
“preadapted” seedlings). Furthermore, he considered these phenotypic traits to be just as important as
genotypic traits in determining initial field performance [4].

Further refinement of what seedling attributes defined field performance occurred during the
early to mid-1980s (Table 1). Ritchie [29] articulated seedling properties that describe material attributes
(i.e., single measures of seedling parameters) and performance attributes (i.e., integrated measures
of various material attributes to test conditions). Iverson [28] believed that seedling selection needed
to be based on that genetic, morphological, and physiological attributes that would be best suited to
the intended field site. Duryea [31] envisioned that choosing from a wide array of attributes would
allow one “ . . . to predict a seedling’s suitability for a particular planting site . . . ”, thereby ensuring
successful forest establishment. Furthermore, she believed a testing approach defining seedling quality
just before planting would be desirable [31]. Moreover, Navratil et al. [59] voiced the need for an
integrated stock quality program that assessed seedlings through all facets of the forest restoration
process to improve both nursery production and restoration success.

Between 1988 and 1999, various researchers concluded that seedling quality could not be
determined by an individual morphological or physiological attribute in isolation from other attributes
(Table 1). In addition, it was recognized that measured attributes had to define seedling growth
in relation to anticipated site conditions [35,36,60]. At this time, the “target seedling concept” was
proposed, which suggested that “numerous seedling traits must work together to produce the desired
field response” [37] (see Section 3.1). However, Langerud [39] warned that any measured attribute is
a just a point-in-time assessment. Furthermore, a performance potential index was proposed at this
time [61]. The idea was to create a battery of measured attributes that defined seedling performance in
relation to potential field conditions [41]. Simpson and Ritchie [62] felt that the ability of a measured
attribute (i.e., root growth potential) to define field performance was a function of both the seedling’s
level of stress resistance and the field site conditions. It was suggested that if the desire was to come
closer to forecasting seedling field performance, then testing conditions should simulate environmental
conditions at the planting site [42].

The range of seedling quality testing approaches continued to expand through the 1990s [2,43,44],
even though many practitioners desired a single test that could measure seedling quality (Table 1). In a
provocative paper, Puttonen [45] addressed whether there was the single “silver bullet” test that could
be used in seedling quality assessment programs. He suggested that grouping morphological attributes
together showed the best evidence of having “predictive value” in defining field performance, because
they retain their mark on seedling identity for an extended time after the seedlings are field-planted
and start to grow. Thus, such a grouping was the best candidate to be the “silver bullet” test [45].
However, Puttonen [45] concluded that physiological status cannot be ignored. This was in agreement
with what other researchers were stating: that individual quality assessments should not be done in
isolation [34], and that a combination of morphological and physiological attributes are required to
describe seedling quality (e.g., [41,43]).

As the field of seedling quality expanded to hardwoods, it was recognized that, although some
conifer attributes were applicable to hardwoods, these genera had unique attributes when it came
to quality assessment procedures (Table 1). Variation in hardwood phenology and ecology requires
that sampling periods and sampled tissues need to be carefully considered when devising a quality
assessment program [47]. Species-specific variation also creates a need to modify quality-assessment
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approaches [50]. Thus, refinement of conifer procedures was needed to effectively measure the quality
of hardwood seedlings.

In conclusion, from the realization that establishment success was associated with seedling
attributes [5], through recognizing that seedling attributes were related to seedling performance [11],
to defining these measurements as being related to a seedling’s “fitness for purpose” [23], these
perspectives have focused on defining seedling attributes that define their field performance. Moreover,
this view was the main premise of the “target seedling concept” [37]. Use of this concept within an
operational setting [63] was viewed as an effective way to create a nursery–client partnership that
would permit open dialogue leading to a successful restoration outcome [51,64–66]. Finally, the idea
that this concept be expanded to include native plant (i.e., woody and non-woody forest and range
species) material (e.g., seedlings, cuttings) used in restoration programs has been proposed, and is
known as the “target plant concept” [51,52,64,66].

3. Application of Seedling Quality within a Forest Restoration Program

Seedling quality assessment procedures occur in the nursery both during culture (see Section 3.1)
and at lifting (see Section 3.2). The following is a review of the conceptual approach used to assess
seedling quality from these two perspectives.

3.1. Monitoring the Process

In Monitoring the Process, the nursery manager creates a system for monitoring culture practices
and crop development, which allows them to grow seedlings to the desired specifications. The proper
application of nursery practices to produce quality seedlings is a key component of successful
restoration programs using both bareroot [67,68] and container-grown [2,55,69] seedlings. To develop
an effective seedling quality program that monitors the process, one needs to understand how the crop
responds to cultural conditions. A crop’s physiological response to the environment and its subsequent
developmental response ultimately determine its growth performance in the nursery [70]. If nursery
staff understand a species’ physiological capability in relation to environmental conditions, then
these detailed cultural practices can become standard operating procedures (SOPs). Various authors
have suggested that SOPs need to be integrated into crop plans to consistently produce high-quality
seedlings each year, whether they are bareroot [11,67,71] or container grown [55,72].

A conceptual model for monitoring a nursery production system that consistently produces
high-quality seedlings is outlined in Figure 1. As mentioned, to create SOPs, one needs to fully
understand each species’ performance attributes, which entails understanding the ecophysiological
and growth characteristics that define seedling development. Furthermore, SOPs for a given species
can vary significantly with seedlot and/or target morphological and physiological specifications
needed for a given outplanting site. In addition, SOPs for every phase of nursery culture need to
be created because seedling development changes throughout culture. Furthermore, SOPs are the
‘knowledge tools’ nursery practitioners develop and subsequently use to guide them through each
crop production cycle.
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Figure 1. Conceptual model for monitoring seedling quality during crop development in the nursery.

Once the crop plan with SOPs has been developed, a tracking system is needed to ensure cultural
guidelines are being followed and the crop is growing according to the plan (Figure 1). Such a system
involves tracking both the nursery environment and crop performance [73]. Environmental conditions
are tracked to define both optimum and limiting conditions for crop performance. Atmospheric
conditions (e.g., air and plant temperature, relative humidity or vapor pressure deficit, light intensity,
carbon dioxide level) and edaphic parameters (e.g., substrate temperature, substrate water content) can
be monitored continuously with automated environmental sensors. Fertigation parameters (e.g., pH,
electrical conductivity) can be monitored by handheld devices or semipermanent substrate probes.
Automation of environmental monitoring provides rapid data synthesis that allows one to quickly
understand how various parameters are affecting crop performance.
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Crop performance is tracked by selecting morphological and physiological parameters that both
mark important stages in seedling development [39] and can be easily measured. Alternatively,
new technologies (e.g., fluorescence-imaging systems [74]) are becoming available that measure crop
performance at a large scale and provide staff with the ability to understand how cultural practices are
affecting seedling ecophysiological response. Such technology can be integrated with the irrigation
system so that irrigation/fertigation automatically occurs at the first sign of stress. However, one also
needs to “walk the crop” on a regular basis, thereby ensuring that the measured data corresponds with
actual crop development. Furthermore, continued monitoring of the crop for pests is a critical part of
maintaining crop quality during nursery development.

A crop performance database, together with a database for operational and cultural adjustments
to the crop plan, is needed for such a monitoring system. Data collection and entry need to be
efficient, as ongoing data analysis alerts staff when an incident that takes the crop away from the
intended plan has occurred. In addition, one needs to understand seedling development in relation to
planned cultural practices and use assessments to discern if corrective actions are needed to ensure
the development of quality seedlings. Then, remedial action can quickly be taken to return to the
crop plan. Deviations from the crop plan are recorded, so that after crop lifting, a crop review allows
nursery staff to develop an understanding of what worked, what didn’t, and where improvements in
the crop plan can be made (Figure 1). In addition, deviations are compared with crops across a number
of years to gain a perspective on crop performance under a range of conditions. Both retrospections
allow the nursery practitioner to make adjustments to cultural practices, thereby further refining SOPs
to improve future crop performance. In this way, a quality assurance program develops, and becomes
a system of positive change and continued improvement in crop cultural practices.

This approach is part of the “target seedling concept”, in which attention to the crop plan,
as proposed above, is important to achieving the desired seedling product [37,75]. This approach
is also similar to ISO quality assurance programs that monitor the production process to ensure
achievement of planned results [56,76]. Furthermore, Grossnickle [73] described a quality-assurance
program designed and operated at ten nurseries across North America that produced tens of millions
of high-quality somatic loblolly pine (Pinus taeda L.) seedlings, which were planted throughout the
southeastern United States. Creating and running this quality program demonstrated that, when
designed to monitor the process, quality seedlings were the final output [73].

3.2. Monitoring the Product

In Monitoring the Product, an information database is created that allows dialogue between
nursery and client on seedling performance capabilities. When nursery staff and silviculturists
consider using a quality-assurance program to assess their seedlings, two questions are commonly
asked. How to select stock that ensures the best field performance after planting? How to select tests
that are useful in culling seedlings that do not meet desired quality standards? These questions are
addressed in the paragraphs below.

A conceptual model for modeling seedling quality at the end of nursery practice is presented in
Figure 2. This model provides a perspective on how one applies various assessment procedures
when measuring seedling attributes that define field survival and/or field growth potential.
Ritchie [29] discussed seedling quality in terms of material and performance attributes. Material
attributes are single-point measures of individual parameters representing specific plant subsystems
(e.g., morphology, osmotic potential, root electrolyte leakage, nutrient content/concentration,
individual gas exchange measurements). In contrast, performance attributes reflect an integration
of various material attributes, are environmentally sensitive plant properties, and are measured
under specific testing conditions (e.g., root growth potential, freezing tolerance, 14-day gas exchange
integrals). Both attribute types provide information on initial survival and field performance potential.
Nursery staff and silviculturists need to define specific objectives before selecting testing procedures
within a seedling quality program. In this way, they will achieve one of the basic principles of
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the “target seedling concept”, which is for nurseries to deliver seedlings with morphological and
physiological attributes that meet targets set by land managers for their restoration program [37,52]
(see Section 2).

Figure 2. Conceptual model for monitoring seedling quality at the end of nursery culture (adapted
from Folk and Grossnickle [42]).

One can never assume that planting high-quality seedlings “predicts” good field performance,
as success is also influenced by appropriate silvicultural treatments before planting, as well as
site conditions after planting [39,41,77]. After seedlings are planted, they may undergo various
transplanting stresses before they can initiate growth and become “coupled” with the forest
ecosystem [78]). Furthermore, if these environmental stresses are excessive [78], or seedlings have
“too low a viability for the planting site” [39], then mortality [79] or a lack of proper growth [80]
can occur. This is why seedling growth just after planting is critical to seedling survival and
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establishment [81,82]. Furthermore, once seedlings are established, seedling performance depends
on inherent growth potential (which is related to their morphological and physiological attributes),
together with their ecophysiological response to site environmental conditions that limit or enhance
that potential [2]. The degree to which seedlings are suited to site conditions has the greatest influence
on their performance immediately after planting [4,37]. Finally, as part of a comprehensive forest
restoration program, measurement of seedling quality provides the silviculturist with information to
“forecast” future plantation performance.

In planning a seedling quality program, one needs to choose attributes that assess seedling
potential both to survive initially and to grow after field planting. The following paragraphs discuss
attributes that measure initial survival potential and growth potential.

Initial survival potential is a measure of seedling “functional integrity” [41]. Functional integrity
indicates whether seedlings are, or are not, damaged to the point of limiting primary physiological
processes. Indeed, seedlings with reduced functional integrity can have poor field survival [2,79].
That said, seedlings meeting minimum standards typically have the capability of surviving in all but
the most severe field site conditions [60]. Testing for functional integrity can be used at lifting to cull
seedlings that do not meet minimum physiological performance standards, and includes assessment
techniques such as root growth potential, root electrolyte leakage, and chlorophyll fluorescence.
Root growth potential [13,62,83–87] and root electrolyte leakage [88,89] indicate root system integrity.
Shoot system integrity is indicated directly by chlorophyll fluorescence [90–92] and indirectly by root
growth potential [29]. Morphological attributes such as shoot height, stem diameter, root mass, and
shoot-to-root ratio, together with physiological attributes such as drought resistance, mineral nutrient
status, freezing tolerance, and root growth, have been shown, in some instances, to forecast survival
after planting (reviewed by [2,79]). However, there is no guarantee that testing for initial survival
potential provides information on field growth under limiting environmental conditions.

Plant attributes forecasting field growth need to define the intrinsic growth potential of seedlings
with regard to site conditions [60]. A number of plant attributes measured at lifting (e.g., height,
diameter, shoot-to-root ratio, root growth potential, nutrient status, drought resistance, freezing
tolerance) have been reviewed for their capability to forecast growth [80]. When considering
a more detailed assessment of seedling performance potential, it is important to select plant
attributes that characterize performance in relation to the anticipated field site environmental
conditions [31,35,36,41,42,60] (Figure 2). However, field conditions can only be roughly simulated.
Furthermore, these are single-point assessments within a seasonal performance pattern [41] that
changes as seedlings go through their phenological cycle [70]. Therefore, this approach forecasts, but
is not able to predict, field performance. With these caveats in mind, multiple plant attributes have
been combined that characterize seedling performance relative to stress events typically encountered
on restoration sites (e.g., performance potential index [61], covariate morphological attributes [93],
multivariate analysis [94], multiple variable models [95]) and provide forecasting models.

4. Plant Attributes that Define Seedling Quality

Plant attributes have been assessed at the morphological and physiological levels (Tables 2 and 3).
However, in reality, only a limited number of these attributes are used within operational programs [44],
because an “ideal operational measure” needs to be rapid, simple, cheap, reliable, nondestructive,
quantitative, and diagnostic [96]. Indeed, researchers have agreed that only a subset of the most easily
measured attributes listed in Tables 2 and 3 [48–50,97] be considered for seedling quality programs in
nurseries [2,4,36,41,43–45]. However, each researcher has his/her preferred attributes. Furthermore,
the “ideal operational measure” filter has also limited the operational use of comprehensive tests that
combine multiple morphological and physiological attributes [36,43,45,97].
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Table 2. Morphological attributes commonly used in seedling quality assessment programs to monitor
either the process during nursery culture or the product at the end of culture.

Attribute Application
Monitor

the Process
Monitor

the Product
References 1

Bud development Growth × [98–100]
Dry weight fraction Lift/store × [101–103]

Height and diameter Crop development × [11,21,37,55,75,104]
Height and diameter Survival, growth × [4,5,11,21,22,26,27,29,104,105]
Morphological ratios Survival, growth × [4,5,11,25,29,35,98]

Root system Crop development × [11,21,37,75,104,106]
Root system Survival, growth × [4,5,11,19,27,32,33,35,98]

Shoot and root weight Survival, growth × [11,98]
Shoot system dimensions Growth × [2,107]
Qualitative shoot trait 2 Survival, growth × [5,11,48–50,98]
Qualitative root trait 3 Survival, growth × [5,11,48–50,97,98]

1 References are either the initial research conducted on an attribute and/or citations that initially recognized the
attribute for inclusion in seedling quality programs at nurseries; 2 Examples: lack of terminal bud, multiple stems,
stem curvature; 3 Examples: deformed root, poor plug development.

Table 3. Physiological attributes commonly used in seedling quality assessment programs to monitor
either the process during nursery culture or the product at the end of culture.

Attribute Application
Monitor

the Process
Monitor

the Product
References 1

Chlorophyll fluorescence Lift/store, viability × [90–92,108,109]
Chlorophyll fluorescence Survival, growth × [48,49,110]

Freezing tolerance Lift/store × [25,29,33,35,111,112]
Freezing tolerance Survival, growth × [29,33,35]

Nutrient status Crop development × [11,17,21,55,67,71,113–115]
Nutrient status Survival, growth × [4,11,18,35,116–119]

Pest status Crop development × [38,55,120–122]
Pest status Survival, growth × [11,97]

Plant water status Crop development × [21,115,123]
Plant water status Survival, growth × [38,124–126]

Root electrolyte leakage Crop development × [49,127]
Root electrolyte leakage Survival, growth × [49,88,89,126]
Root growth potential Survival, growth × [4,13,21,29,33,35,83–87]

1 References are either the initial research conducted on an attribute and/or citations that initially recognized the
attribute for inclusion in seedling quality programs at nurseries.

Despite these challenges, assessment programs for nurseries have been developed by selecting a
set of attributes whose intended purpose is to ensure quality control, enhance consumer confidence,
avoid planting damaged stock, and improve nursery cultural practices [50,97,128–130]. In addition,
there have been a number of published discussions describing measurement procedures for the most
common attributes (e.g., [48,49,97]). As mentioned, the field of seedling quality has evolved to the
point that nursery practitioners and silviculturists now have a range of plant attributes that they can
measure to understand the quality of their seedlings. The following discussion briefly examines the
application of commonly used morphological (Table 2) and physiological (Table 3) attributes in forest
restoration programs.

4.1. Commonly Used Plant Attributes

Morphological and physiological attributes are used to measure crop development in the nursery
(See Section 3.1). Commonly measured morphological attributes include height, diameter, and root
development for bareroot (e.g., [11,104]) and container-grown (e.g., [55,75]) seedlings. Typically,
height and diameter are compared with standardized growth curves defined for each species, seedlot,
and stocktype, which allows the adjustment of the nursery environment and cultural practices in order
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to keep seedlings on the crop plan. Root development is also monitored in container-grown seedlings to
determine plug integrity, which is critical at lifting [131]. Physiological attributes commonly measured
during crop development include nutrient status and plant water status. These attributes provide
information for tracking crop performance, thereby supporting cultural adjustments to the crop plan.
However, root electrolyte leakage is measured during crop development if there is a concern about
damage. Furthermore, measuring chlorophyll fluorescence, electrolyte leakage, or whole-plant freezing
during crop development in the autumn provides an assessment of freezing tolerance, with the goal of
determining the proper lift/store date to develop sufficient stress resistance so high quality seedlings
are stored (reviewed by [109,132,133]). Finally, at lifting, various morphological attributes, together
with the physiological attributes of plant water relations, freezing tolerance, mineral nutrient status,
root growth potential, and root electrolyte leakage are commonly assessed (See Section 3.2).

Morphological attributes are also used to relate seedling quality at lifting to subsequent field
performance (See Section 3.2). Commonly measured morphological attributes include height, stem
diameter, root systems, and shoot-to-root ratios [134]. These attributes are easy to measure in
operational settings, ensuring their use in small-scale nurseries in developing countries [135] and large,
commercial nurseries in first-world countries [2,136,137]. Morphological attributes influence seedling
survival and growth after planting on forest restoration sites, because they retain their mark on seedling
attributes for extended timeframes (reviewed by [79,80]). Greater stem diameter and root system size
confer a higher chance of survival and growth, because they limit susceptibility to planting stress by
improving water uptake and transport to foliage. Interestingly, South [138] revisited the morphological
criteria defined by Wakeley [11] and found that root collar diameter was still the attribute that best
forecast field growth potential. Greater height provides a competitive advantage (i.e., access to light)
on sites with competing vegetation. However, where potential site environmental conditions are
limiting (e.g., dry soils, high evaporative demand), seedlings with smaller shoot systems or lower
shoot-to-root ratios are better adapted. Finally, morphological attributes are only measures that help
define overall seedling size, growth potential, and balance [98,105], whereas seedling physiological
attributes also have a major influence on field performance.

Other morphological attributes have been used in seedling quality programs, but with limited
acceptance (Table 2). Bud development has been used in Ontario, Canada as a measure of potential
seedling shoot growth [97]. Dry weight fraction has been used in Scandinavia to assess the development
of stress resistance in the fall (c.f. [102]). Shoot dimensions (i.e., phyllotaxy of needles on shoots and
arrangement of shoots along the leading stem) can be an important measure of seedling development
for some (e.g., spruce [139]) but not all species.

Physiological attributes are also used to relate seedling quality at lifting to field performance
after planting (See Section 3.2). Drought resistance, mineral nutrient status, root growth potential,
root electrolyte leakage, and freezing tolerance have been used to assess seedling quality in relation
to field survival (reviewed by [79]) and growth (reviewed by [80]) after planting. Improved survival
is to the result of greater drought resistance and improved seedling nutrition at planting, which
increases the speed with which seedlings can overcome planting stress, become established, and grow
on the forest restoration site. Shoot water potential and root electrolyte leakage provide critical
information on whether seedlings are damaged to the point of limiting physiological function; planting
undamaged seedlings improves their survival and growth. Additional measurement of seedling
functional integrity (e.g., root growth potential) is recommended if earlier tests detect a level of damage
that could potentially limit field performance. Root growth potential on its own is valuable in many
instances in forecasting field performance, because improved survival and growth due to greater
root growth immediately after planting (reviewed by [79,80]) confers improved seedling survival and
subsequent establishment within the first few months after planting.

In conclusion, it is important to emphasize that no single attribute can assess all seedling
quality issues [43,45]. Morphological attributes cannot be used in isolation to assess seedling quality
because morphology does not describe physiological vigor [105,134]). Furthermore, seedling quality
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cannot be determined by individual physiological attributes in isolation from other physiological and
morphological attributes [34]. Thus, a seedling quality program needs to combine morphological and
physiological attributes to provide the information necessary for making both sound nursery cultural
decisions and restoration site decisions. Furthermore, a combination of desirable morphological and
physiological attributes forecasts greater chances of survival and increased growth after establishment.

4.2. Novel Attributes and Tests for Plant Attributes

As the field of seedling quality assessment has developed, “novel” attributes and measurement
techniques have been examined for their usefulness. The following paragraphs briefly outline novel
physiological attributes or novel measurement techniques for traditional physiological attributes
(Table 4), and novel biochemical, biophysical, and molecular techniques (Table 5).

Table 4. Novel physiological attributes or novel measurement techniques for traditional physiological
attributes, proposed for use in seedling quality-assessment programs to monitor either the process
during nursery culture or the product at the end of culture, which were not adopted.

Attribute or Technique Application
Monitor

the Process
Monitor

the Product
References 1

Auto-fluorescence Viability × [44,140]
Bud dormancy Lift/store, viability × [29,112,141,142]

Carbohydrate status Survival, growth × [143–146]
Chlorophyll content, foliage color Crop development × [147]
Chlorophyll content, foliage color Growth × [24,49,98]

Crop-level chlorophyll fluorescence Crop development × [74]
Drought avoidance Survival, growth × [148]
Drought tolerance Survival, growth × [4,11,19,25,27,29]

Electrical impedance Lift/store, viability × [111,149,150]
Gas exchange 2 Survival, growth × [107,151,152]
Heat tolerance Survival × [153]

Infrared thermography Lift/store, viability × [154–156]
Mycorrhizal status Growth × [157–161]

Nuclear magnetic resonance Survival × [162]
OSU 3 vigor test Survival × [34,125,163]

Performance under stress Growth × [42,61]
Root hydraulic conductivity Survival, growth × [164–166]

Stress-induced volatile emissions Survival × [167–170]
Xylem cavitation Survival × [171–173]

1 References are the initial work conducted on an attribute or a measurement technique; 2 Examples: needle
conductance, photosynthesis, transpiration; 3 Oregon State University.

Table 5. Novel measurement techniques at the biochemical, biophysical, and molecular levels, proposed
for use in seedling quality-assessment programs to monitor either the process during nursery culture
or the product at the end of culture, which were not adopted or were recently reported in the literature.

Technique Application
Monitor

the Process
Monitor

the Product
References 1

Biochemical
Enzymatic activity Survival × [35,174]
Fluorescein diacetate staining Viability × [175,176]
Triphenyl tetrazolium chloride staining Survival × [36,177]
Vegetative storage proteins Lift/store, viability × [103]

Biophysical
Extracellular electropotential Viability × [178–180]
Root electrical impedance Lift/store × [181]

Molecular
Gene expression Lift/store × [182–186]
Molecular markers Survival, growth × [187]

1 References are the initial research conducted on a measurement technique in the context of seedling quality.
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Some physiological attributes and measurement techniques were categorized as “novel” (Table 4),
because other than in the articles describing them or in subsequent review articles, there is scant
information that nursery practitioners are operationally using them. Indeed, when these attributes and
techniques were compared against the criteria for “ideal operational measures” of seedling quality [96],
many failed for one reason or another. Some fail the criterion of being rapid (e.g., bud dormancy, OSU
vigor test). Others fail the criteria of simple and cheap because they require technically trained staff
to run relatively expensive instruments for the analysis (e.g., drought tolerance, chlorophyll content,
electrical impedance, infrared thermography, gas exchange, crop-level chlorophyll fluorescence,
nuclear magnetic resonance, root hydraulic conductivity, stress-induced volatile emissions, xylem
cavitation). Furthermore, whether the information is a reliable assessment of seedling quality
(e.g., drought avoidance, foliage color, mycorrhizal status) plays a role in whether a nursery would
spend the time to conduct the test.

Most of the biochemical, biophysical, and molecular techniques (Table 5), which were developed
during the late 1980s and early 1990s have yet to be applied in nurseries. In general, molecular testing
has not fulfilled the expectation voiced over 20 years ago that they would offer rapid measures of
seedling quality [45]. However, more recent gene-expression analysis on freezing tolerance [188]
has the potential to replace other tests (e.g., whole-plant freezing, electrolyte leakage, chlorophyll
fluorescence [109,111]) used to make lift/store decisions. Genes involved in freezing tolerance in
Scot’s pine [188], Norway spruce [188], and Douglas-fir [183] have been identified, and then correlated
with results from shoot electrolyte leakage tests to develop an assay that measures gene activity
during freezing tolerance acquisition [188]. Furthermore, a related spin-off company (nsure®) has
commercialized the assay. Clients sample, stabilize, and ship shoot tips to the lab, which conducts the
test; level of freezing tolerance is e-mailed to clients within 2 days of sample arrival at the lab. It is yet
to be determined whether this assay will replace the traditional measures of freezing tolerance used
by nurseries.

5. Summary

Seedling quality is an important component of any successful forest restoration program. Over the
past century, the concept of what is meant by seedling quality has evolved to the point that these
plant attributes are used to improve seedling nursery culture and to forecast seedling survival and
growth after outplanting. Such seedling quality information can now be used within the “target
forest or plant seedling” concept to enable nursery practitioners and foresters to have an effective
dialogue on how seedlings with certain attributes will meet forest restoration objectives. Even though
planting seedlings with desirable plant attributes does not guarantee high survival and good growth
after planting, planting seedlings with desirable attributes increases chances for a successful forest
restoration program.
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Abstract: The possibility to utilize non-additive genetic gain in planting stock has increased the
interest towards vegetative propagation. In Finland, the increased planting of Norway spruce
combined with fluctuant seed yields has resulted in shortages of improved regeneration material.
Somatic embryogenesis is an attractive method to rapidly facilitate breeding results, not in the
least, because juvenile propagation material can be cryostored for decades. Further development of
technology for the somatic embryogenesis of Norway spruce is essential, as the high cost of somatic
embryo plants (emblings) limits deployment. We examined the effects of maturation media varying
in abscisic acid (20, 30 or 60 μM) and polyethylene glycol 4000 (PEG) concentrations, as well as the
effect of cryopreservation cycles on embryo production, and the effects of two growing techniques on
embling survival and growth. Embryo production and nursery performance of 712 genotypes from
12 full-sib families were evaluated. Most embryos per gram of fresh embryogenic mass (296 ± 31)
were obtained by using 30 μM abscisic acid without PEG in the maturation media. Transplanting the
emblings into nursery after one-week in vitro germination resulted in 77% survival and the tallest
emblings after the first growing season. Genotypes with good production properties were found in
all families.

Keywords: Norway spruce; Picea abies L. Karst.; somatic embryogenesis; forest biotechnology;
forest regeneration material; cryopreservation; maturation; embling production

1. Introduction

In Finland, the increased planting of Norway spruce (Picea abies L. Karst.) seedlings and difficulties
in seed production has resulted in intermittent shortages of regeneration material of a high breeding
value [1]. One solution to this problem is to use vegetative propagation, e.g., somatic embryogenesis
(SE), which was observed in Norway spruce for the first time in 1985 [2,3]. Vegetative propagation
enables more efficient tree improvement e.g., by capturing non-additive genetic gain [4,5].

Additionally, the cryopreservation of embryogenic tissue (ET) in liquid nitrogen (LN) enables
long-term storage of regeneration material in its juvenile state [6–8]. Cryopreservation techniques are
available for several conifer species, based on either applying cryoprotectant before freezing, or either
on drying embryos or embryogenic tissues in different developmental stages [9–14]. Additionally,
for Norway spruce, reliable cryopreservation protocols applicable for large number of samples have
been developed [8,15]. As a result, acceptable recovery rates together with high morphological and
genetic fidelity have been observed [8,15].

The commercial scale production of conifer emblings, i.e., somatic embryo plants, has been
achieved in Denmark, Ireland and France (Abies, Picea and Pinus species) and is being piloted in Sweden
(Picea abies). Companies producing conifers (e.g., Pseudotsuga menziesii, Picea glauca engelmannii complex,
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Picea glauca (Moench) Voss and Picea sitchensis (Bong.) Carr., Pinus radiata D. Don, Pinus taeda L. and
Pinus elliottii Engelm.) with SE for planting stock exists in North America and New Zealand [6,16,17].

The main reason limiting the commercial application of SE in forestry is the high cost of emblings
compared to seedlings [17,18]. Several efforts to reduce costs have been made e.g., producing emblings as
donor plants for rooted shoot cuttings, thus fragmenting the high cost of emblings to several hundred
rooted shoot cuttings [17,19]. Despite all the efforts, emblings are still rather expensive compared to
seedlings, which limits their deployment especially in Nordic conditions [20]. Additionally, the loss of
genetic material during SE is a major challenge [21]. However, this could be mitigated by improving
production methods in the post cryopreservation phases and in the laboratory-nursery interface [20–23].

Abscisic acid (ABA) is a relatively expensive plant hormone, widely used in conifer SE to promote
embryo maturation [24]. It has a positive effect in promoting the maturation of embryogenic tissues,
but it can also inhibit the germination and height growth of emblings for several growing seasons after
exposure [7,25–27]. The type and amount of ABA concentration significantly affects the maturation
results, and the optimal concentration varies between species and genotypes [27–29].

Similar, species and genotype specific, responses in embryo maturation have been reported when
various amounts and types of polyethylene glycol has been added to the maturation medium in
different conifer species [30–33]. Polyethylene glycol is added to the maturation media to reduce the
moisture content of somatic embryos, thus increasing the content of the storage materials in later
phases of maturation compared to ABA [31,32,34]. In Norway spruce, polyethylene glycol 4000 (PEG),
when added to the maturation media, is known to increase the number of somatic embryos but is
also known to have a negative effect on the later growth and development of the embryos [25,35,36].
PEG has also been found to speed up somatic embryo maturation by several weeks [31,36].

The aim of this work was to improve the efficiency of Norway spruce embling production in order
to enable large scale testing of numerous SE lines. To achieve this we studied, (I) the effects of different
levels of ABA and PEG in maturation media and the effect of an additional cryopreservation cycle
on embryo production capacity; and (II) the effects of two different growing techniques on embling
yield and early performance. Furthermore, the embryo production capacity and survival rate in the
nursery were tested for a wide range of genotypes (712) originating from 12 full-sib families, with the
aim to initiate field testing with rooted cuttings. This was done to improve the properties and yield of
emblings (I and II) and to evaluate embling production schemes needed for large-scale field testing
and variation among full-sib families affecting them (III).

2. Materials and Methods

2.1. Origin of Embryogenic Lines

The embryogenic lines used in this study were initiated in 2014 and 2015 from immature zygotic
embryos of full-sibling families of progeny tested plus trees from Southern Finland. The medium
and methods developed by Klimaszewska et al. [37], as described by Varis et al. [8] were used for
culture establishment. Zygotic embryos without megametophytes, were placed on a modified Litvay’s
medium (mLM) containing half-strength macroelements [37,38], 10 μM 2,4-dicholophenoxyacetic acid
(2,4-D), and 5 μM 6-benzyladenine (BA). The sucrose concentration of the medium was 1% (w/v) and
the pH was adjusted to 5.8 prior to adding gellan gum (4 g/L, Phytagel™, Sigma-Aldrich, Saint Louis,
MO, USA) and autoclaving. The cultures were kept in the dark (at 24 ◦C) for two to eight weeks
without subculturing, until embryogenic tissue (ET) started to grow. Established ETs were subcultured
bi-weekly, on a fresh Petri dish of the same medium.

Cryopreservation of ETs was done according to Varis et al. [8]. From each genotype one to
four samples were cryopreserved right after initiation. Slowly growing ETs were not cryopreserved.
The number of samples per genotype was kept low to increase the number of genotypes in cryostorage.
For maturation in all experiments, from 150 to 200 milligrams of fresh embryogenic mass was weighed
and absorbed on filter paper (Whatman # 2), using a Buchner funnel as done by Varis et al. [8].
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2.2. Experiment I

The effect of the ABA concentration on embryo production and plant viability was studied using
three different trials (1, 2 and 3). In Trial 1, six continuously subcultured Norway spruce embryogenic
lines from five families initiated in 2014 were matured in December 2015, and seven lines from four
families initiated in 2015 were matured in February 2016. Each line was matured on six filter papers
(Whatman # 2) which were placed in petri dishes filled with 28 mL of LM-media containing 60 or
20 μM ABA (Later referred to 60ABA and 20ABA), and three maturations of each treatment (Table 1).
Filter papers on the latter media were moved to fresh media two times at one-week intervals at the
beginning of maturation. Cotyledonary embryos with visible initial shoot and root meristems and at
least four cotyledons were manually counted after eight weeks maturation in the dark at 24 ◦C room
temperature, as was done in previous studies [39,40].

Table 1. Schematic description of experiments and treatments used in different phases of SE production
in Experiments I to III.

Exp./Trial Treatment Maturation Germination
1st Growing Period/Growing

Season
2nd Growing Season

I/1; 2; 3 60ABA 8 weeks
I/1 3* 20ABA 8 weeks
I/2 60ABA + PEG 8 weeks
I/2 30ABA + PEG 8 weeks

I/2; 3 30ABA 8 weeks

II

GT-I 8 weeks 18:6 Day-night Transplanted to Miniplugs Grown outside since
60 μM 1 week (1) Controlled environment June 2017

30 μM ABA Transplanted to Plantek 81f
Winterized and cold stored

GT-II 8 weeks 18:6 Day-night Transplanted to Plantek 81f

60 μM 1 week (1) Nursery greenhouse in
March 2017

30 μM ABA Grown outside since June 2017

III

Thawing lots A to D 8 weeks 18:6 Day-night Transplanted to Miniplugs Grown outside since
60 μM ABA 1 week (1) Controlled environment June 2017

Winterized and cold stored
Thawing lot E 8 weeks 18:6 Day-night Transplanted to Miniplugs

30 μM ABA 1 week (1) Controlled environment
Transplanted to Plantek 81f in

March 2017
Grown outside since June 2017

Thawing lot F 8 weeks 18:6 Day-night Transplanted to Plantek 81f

30 μM ABA 1 week (1) Nursery greenhouse in
March 2017

Grown outside since June 2017

In Experiment I, the effect of different concentrations/combinations of abscisic acid (ABA) and polyethylene glycol
4000 (PEG) on the yield of cotyledonary embryos was tested. 3* means a transfer of ET twice to fresh media.
In Experiment II, two ex vitro growing techniques for emblings were tested (GT-I and GT-II). In Experiment III,
large number of samples from 12 full-sib families was thawed from cryopreservation in lots A to F, to produce
emblings (cutting donors) for clone testing. (1) three days in five μmol/m−2/s−1, two days in 50 μmol/m−2/s−1

and two days in 150 μmol/m−2/s−1.

Trial 2 consisted of seven genotypes (from different full-sib families) which were matured in
May 2016. Two of the lines were initiated in 2015 and maintained in a subculture. Five lines initiated
in 2014 were thawed from LN. Four different ABA (60 and 30 μM) and PEG (4.75% concentration in
media) combinations were used in mLM-media (later referred to 60ABA, 30ABA, 60ABA + PEG and
30ABA + PEG) (Table 1). The filters were kept in the original petri dishes for eight weeks under the
same conditions as in Trial 1, after which cotyledonary embryos were counted.

Trial 3 consisted of 120 cryopreserved genotypes from 12 families (10 genotypes per family),
which were thawed from LN and matured using LM media with two different ABA concentrations
(Table 1). The first lot of 120 genotypes was thawed and matured in 2016. From these genotypes,
samples were cryopreserved again and one sample per genotype was thawed and matured in 2017.
From the first lot, samples from 65 genotypes were matured on media containing 60 μM of ABA,
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and 55 genotypes were matured on media with a 30 μM ABA concentration. In the second lot,
all 120 genotypes were matured on media containing 30 μM ABA. The filters were kept in the original
Petri dishes for eight weeks in the same conditions as Trial 1, after which cotyledonary embryos
were counted.

2.3. Experiment II

Two different growing techniques (later referred to GT-I and GT-II) in a nursery were evaluated
by germinating cotyledonary embryos from 18 genotypes (9 families) according to the 1w-filter
protocol described by Tikkinen et al. [23]. In short: cotyledonary embryos, cold stored at +3 ◦C
(for at least four weeks in a large refrigerator unit) on the same filter papers in Petri dishes where the
maturation was carried out, were germinated one-week in vitro under LED (Light emitting diode)
lights (at a temperature from 20 to 23 ◦C inside the Petri dishes). The emblings were transplanted to
a peat-based growth media after germination in vitro, using the ‘pricking out’ method as described
by Landis et al. [23,41], in which forceps were used to transfer the emblings and to place them in
peat. Peat was gently compressed around the embling to provide sufficient edaphic conditions for
developing roots, as demonstrated by Landis et al. [23,41].

In GT-I, 36 emblings from each genotype were transplanted in small containers (Preforma 126/JIF,
ViVi Pak, ViVi, Burgh Haamstede, Netherlands) with 126 plugs per container (plug volume 3.4 mL)
(Miniplugs), and grown in a controlled environment for 50 days, until the temperature sum reached
1300 degree days (d.d.) (later referred to as the growing period). The controlled environment refers to
a growth room, where the light period, temperature and humidity were adjusted to obey suggested
levels for the different stages of growth of Norway spruce seedlings [42]. After this artificial growing
season, the emblings were transplanted into Plantek 81f containers, winterized and cold stored in
a large cooler unit. After cold storage the emblings were transferred outside together with a large lot
of seedlings (Table 1).

In GT-II, 81 emblings from each genotype were transplanted straight into Plantek 81f containers
(81 separate ventilated compartments of 85 cm3 size) and were grown in a greenhouse as described by
Tikkinen et al. [23]. These emblings were grown together with the emblings from thawing lots A to D
of Experiment III (Table 1).

2.4. Experiment III

To initiate the field testing of SE-lines, emblings were produced for donor plants for shoot cuttings.
This was done with cryopreserved genotypes from 12 full-sib families, initiated in 2014 (Table 2).
The aim was to produce emblings from 20 genotypes from each full-sib family to initiate field testing
with rooted shoot cuttings.

ETs were thawed from 712 genotypes at six different times, in thawing lots A to F. Thawings
were carried out during 2016 (A to E) and 2017 (F) (Table 2). ETs were thawed, subcultured bi-weekly,
cryopreserved again and matured (three Petri dishes each) in a five or ten weeks production cycle [8,37,38].
If the ET did not proliferate enough for cryopreservation and maturation in ten weeks it was discarded.

The ETs were cryopreserved again to increase the number of samples from each genotype
for future use. Cryopreservation was prioritized, so that maturation was delayed for five weeks,
if necessary. In the cases of poorly proliferating ETs, they were matured first and cryopreserved only if
enough embryogenic tissue was available after 10 weeks of proliferation. This was done to increase
the number of genotypes available for field testing.
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2.4.1. Thawing, Proliferation Maturation and Germination

After eight weeks of maturation under the same conditions as Experiment I, cotyledonary embryos
were manually counted and cold stored on filter papers, as described by Tikkinen et al. [23]. In the case
of thawing lot B, the maturation dishes were moved to cold storage before counting. The maturation
medium contained 60 μM ABA, in thawing lots A to D, and 30 μM ABA in thawing lots E and F
(Table 1). Maturation media was changed between thawing lots D and E, because of the higher yield
of cotyledonary embryos in media with a lowered ABA concentration observed in Experiment I.

2.4.2. Embling Production

A one-week in vitro germination protocol was used in all cases following the methods described
by Tikkinen et al. [23]. Because of limited resources, e.g., work force and growing space, for thawing
lots A to E, only up to 36 cotyledonary embryos from each genotype were selected for cultivation
depending on the availability of cotyledonary embryos. The cotyledonary embryos were grown as in
GT-1 (Table 1). The emblings from thawing lot E were grown according to GT-I, with the exception
that the emblings were transferred straight to the nursery in spring 2017, while they were still growing
height (Table 1).

Germinated emblings from thawing lot F were grown as in GT-II (Table 1). From thawing lots E
and F, up to 81 cotyledonary embryos were selected for cultivation depending on the availability of
cotyledonary embryos.

2.5. Measurements and Data Analysis

Cotyledonary embryos were counted and the embryo productivity was calculated per one gram
of fresh cell mass (E/gFM) in all experiments. Mean values are presented with their standard errors
(±). All measurements and inventory results were analyzed using the IBM SPSS Statistics 22 software
package (International Business Machines Corporation, Ammonk, NY, USA). The level of confidence
used was 5%.

In Experiment I, nonparametric tests were used because normal distribution could not be assumed.
In Trials 1 and 3 of Experiment I, differences between treatments were analyzed with Mann–Whitney
U-test. In Trial 2 of Experiment I, the Kruskal–Wallis test (one-way ANOVA on ranks) was used to
analyze differences between treatments.

To compare the two growing techniques in Experiment II, the survival of the emblings was
inventoried from GT-I after the first growing period in a controlled environment, i.e., before cold
storage. The survival and height measurements for the 2017 growing season, were obtained for
both growing techniques. Logistic regression was used to examine the differences in survival
between growing techniques, after the first growing period and after the growing season of 2017.
A non-parametric test (Mann–Whitney U) was used to test the differences in embling height between
the two growing techniques, because a normal distribution could not be assumed.

In Experiment III, the differences in embling survival between families were examined with
logistic regression after the first growing period and after the growing season of 2017. A crossing
covariate was used to investigate a possible parental effect. A thawing covariate was used to distinguish
differences between different thawing lots. Among thawing lots, variation occurs in the date of thawing,
the ABA concentration in the maturation media, the growing method and the lenght of the cold storage
period. The effect of the thawing lot had no effect on the percentage of cases predicted correctly and
was left out from the final models. The effect of location inside the containers was studied by using row
and column covariates, which defined the location of a single embling inside a container. This effect
was significant, but explained only 0.1% of the correctly predicted cases; hence row and column
covariates were excluded from the final models. Embryo production between full-sib families was
analyzed with Kruskal-Wallis and Mann–Whitney U nonparametric tests, because normal distributions
could not be assumed.
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3. Results

3.1. Effect of ABA Concentration and PEG in the Maturation Media

In Trial 1, with the first group of genotypes (Experiment 1), the mean yield of cotyledonary
embryos was 80 ± 23 E/gFM when the media contained 60 μM ABA, and 185 ± 24 E/gFM when the
ETs on filters were twice transferred to fresh media containing 20 μM ABA (Figure 1). Reducing the
ABA concentration in the maturation media enhanced embryo production by 131% (p < 0.001).

Figure 1. Yield of cotyledonary embryos in different treatments in three Trials in Experiment I.
Mean values are presented with standard error bars. In Trial 3, values are presented for genotypes for
which maturation with both treatments was available.

In Trial 2, reducing the amount of ABA enhanced the productivity even though the cell mass was not
transferred to fresh media. The mean productivity on 30 μM ABA was 296 ± 31 E/gFM while on 60 μM
ABA it was 139 ± 28 E/gFM, with the increase being 113% (p = 0.001) (Figure 1). Adding PEG increased
the productivity only when combined with 60 μM ABA (211 ± 24 E/gFM). With 30 μM ABA the number
of cotyledonary embryos decreased to 179 ± 22 E/gFM when PEG was included in the media (Figure 1).

In Trial 3, the average yield of cotyledonary embryos among genotypes in the first lot was
180 ± 9 E/gFM. For the 65 genotypes matured on 60 μM ABA, the average embryo yield was
191 ± 1 E/gFM. For the 55 genotypes matured on 30 μM ABA, the embryo yield was 166 ± 14 E/gFM.
In the second lot, following cryopreservation, with 30 μM ABA used in the maturation media for all
genotypes, the overall embryo yield was 206 ± 19 E/gFM. For the genotypes matured with 60 or
30 μM ABA in the first lot, the average embryo yields in the second lot were 240 ± 28 E/gFM and
167 ± 24 E/gFM, respectively. In the second lot, 116 genotypes were successfully regenerated from
cryostorage and 114 were matured. No significant change in the average embryo production was
found between lots when separately examining the genotypes matured on media containing 30 μM
ABA in both lots, or between genotypes matured with 60 μM ABA in the first lot.

3.2. In Vitro Germination, Survival and Height Growth

In Experiment II, all selected cotyledonary embryos germinated and were transplanted ex vitro in
both growing techniques. In GT-I, the average survival rate was 93 ± 1%, after the growing period,
before cold storage. After cold storage and the growing season of 2017 in the nursery, the average
survival rate and height were 53 ± 2% and 5.8 ± 0.3 cm, respectively. In GT-II, the average survival
rate and height of the emblings after the first growing season (2017) in the nursery were 77 ± 1% and
10.9 ± 0.2 cm, respectively.

The difference in the embling survival rates between GT-I (after first growing period) and GT-II
(after the first growing season of 2017) was significant (p < 0.001) (Table 3). The survival and height
of the emblings obtained from different growing techniques varied after the growing season of 2017
(p < 0.001, in both) (Table 3).
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3.3. Donor Plant Production

In Experiment III, 76% (51% to 94% variation among full-sib families) of the thawed genotypes
produced enough ET to be matured. Cotyledonary embryos were produced from 67% of the thawed
genotypes, varying from 43% to 91% of the thawed genotypes among the full-sib families. The average
yield of cotyledonary embryos was 79 ± 4 E/gFW (Table 2).

In thawing lots A to D, the average yield of cotyledonary embryos was 80 ± 4 E/gFW. The embryo
yield varied between families (p < 0.001). In thawing lot E, in which all the remaining cryopreserved
genotypes were thawed from two full-sib families with the lowest number of genotypes producing
cotyledonary embryos, on average 46 ± 9 E/gFW were produced. In thawing lot F, the mean yield of
cotyledonary embryos was 92 ± 10 E/gFW. In thawing lots E and F, the embryo yield varied among
full-sib families (p = 0.002).

Overall, 12,910 germinated emblings from thawing lots A to F were transplanted into peat-based
growth media. From thawing lots A to D, 8904 germinated emblings from 340 genotypes (varying from 21
to 34 genotypes per family) were transplanted into small growing containers. From thawing lots E and F,
4013 emblings were transplanted straight into Plantek 81f containers. In thawing lots A to F, the embling
survival rate after the first growing period or season varied between full-sib families (p < 0.001).

From thawing lots A to D, 3837 growing emblings (43%) were recorded after the growing period,
varying from 21 to 34 genotypes per family. After cold storage and the 2017 growing season in the
nursery, only 1481 (17% overall) of the transplanted emblings from 12 to 28 genotypes per family
were alive.

In thawing lots E and F, 4006 emblings from 127 genotypes, from two to 24 genotypes per family,
were transplanted into Plantek 81f containers in May 2017. In autumn 2017, the number of vital
emblings was 3196 (80% survival), consisting of 121 genotypes, from two to 23 genotypes per family.

In October 2017, a total of 4677 plants were vital from 356 genotypes (50% of all thawed genotypes),
from 42 to 18 genotypes among full-sib families. The embling survival rate varied between thawing
lots and full-sib families (p < 0.001, in both). When the inventories from thawing lots A to D after
the first growing period were combined with the inventory from thawing lots E and F after the 2017
growing season, the average survival rate of transplanted emblings was 54%. Survival varied from 50%
to 89% among full-sib families. Numbers include emblings from 439 genotypes (62% of the thawed
genotypes) varying from 26 to 48 genotypes between full-sib families.

4. Discussion

The embryo yield increased significantly in different groups of genotypes when the ABA
concentration in the maturation media was reduced. The increase in embryo yield was over two-fold
in Trials 1 and 2 of Experiment I when the reduced amount of ABA was compared to the control
60 μM ABA treatment. Adding PEG to the semi-solid maturation media increased the embryo yield
when compared to 60 μM ABA content. However, the highest embryo yield was gained without PEG.
Using maturation media with 20 μM ABA and subculturing embryogenic tissues with filter paper
resulted in the highest embryo yield. However, the subculturing is labour intensive when used with
a large number of samples. For this reason, a maturation protocol, including media containing 30 μM
ABA without subculturing was introduced as standard protocol.

When the ABA content in the maturation media was lowered, the average embryo production
increased slightly among a large number of samples in a group of different genotypes (Trial 3 in
Experiment I) which had been cryopreserved and thawed at least once before. This happened
although more variation between individual genotypes was observed. Additionally, in previous
studies, cryopreservation has not systematically reduced embryo production (see e.g., [8,25]). The loss
of genetic material by cryopreservation accounted for 5% of the thawed genotypes distributed between
five full-sib families. The possible loss of genotypes due to cryopreservation is a potential risk when
a small number of samples are initially cryopreserved (see e.g., [8,25]).
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The highest survival rate was recorded when germinated emblings were transplanted straight
into the nursery (GT-II), although the average survival rate was significantly higher among emblings
grown in small containers for the first growing period (GT-I) before cold storage. The decline in
embling survival among emblings in GT-I was most likely due to improper cold storage conditions
and fungicide treatments, which resulted in a severe infestation of mold (possibly Botrytis sp.).

The plants grown in treatment GT-II were significantly taller, although they were grown for one
growing period less. This is most likely due to insufficient lighting in the growth room in treatment
GT-I combined with the damage caused to initial meristems during cold storage. In treatment GT-I,
the growth room light intensity in the photosynthetically active radiation (PAR) region in full light
was set to 150 μmol/m−2/s−1. In the greenhouse, emblings were subjected to sunlight filtered
through the plastic outer wall of the greenhouse. The suggested minimum light intensity to support
height growth and prevent premature terminal bud formation on seedlings is 250 μmol/m−2/s−1

according to Landis et al. [41,42]. Emblings survived well in greenhouse conditions after one-week
in vitro germination in treatment GT-II. This implies that a higher light intensity is not harmful for
small emblings, as long as the air temperature is favourable. This was also observed previously by
Tikkinen et al. [23].

Growing emblings in small containers in artificial conditions is plausible, although special
attention needs to be paid to the cold storage conditions, similar to seedlings. Improvements in
environmental control are still needed to match the properties of the emblings or seedlings obtained
from conventional nurseries. Although, growing space can be saved by using small containers,
the method requires additional labour and supplies (i.e., containers, substrate etc.) compared to the
method where emblings are transplanted straight into the nursery (see e.g., [23,41]). Additionally,
in Nordic conditions supplementary lighting is necessary during a short photoperiod. All the previous
matters have an effect on the cost of the emblings. A detailed cost analysis is needed to define the
threshold for embling vigor in containers, to determine whether using small containers is profitable.

The embling survival of 77% for cotyledonary embryos selected for in vitro germination is
close to the germination and early vigour percentages of unimproved Norway spruce seeds and
seedlings reported in earlier studies (see e.g., [43]). The observed mean height of 10.9 cm indicates
that the emblings will reach sufficient height standards for planting during the second growing
season. By selecting well acclimatizing genotypes for production, survival can be further increased,
as suggested by Tikkinen et al. [23].

Genotypes with a high embryo production capacity (over 200 E/gFW, with lowered ABA content)
were found, and vigorous emblings were successfully produced from several genotypes from all
full-sib families (Figure 1; Table 2). Not all of the cryostored genotypes from the families used were
tested, although the number of samples was fairly large varying from 34 to 106 per family. Högberg [44]
found that the loss of genotypes during the overall SE process can be vast. According to our results,
genotypes with a good embryo production capacity can be found in all families. We thawed a sample
of 57% of the 1247 cryopreserved genotypes, representing 12 full-sib families. With the current rates
of genotypes successfully initiated (55%) and cryopreserved (45%) of the total number of explants
(2744) from selected families, the sample of 712 thawed genotypes accounts for 1292 to 1567 explants
(Table 2). In the autumn of 2017, vital emblings were recorded from 356 genotypes, i.e., 23% to 28% of
the estimated explants. Without the loss of emblings due to improper storage, emblings from 28% to
34% of the estimated explants could have been obtained. These genotypes could possibly be used for
the large-scale propagation of emblings.

Plant loss during the cold storage of emblings from thawing lots A to D was severe, as 61% of
emblings which had formed initial buds after the first growing period were lost during cold storage
after the first growing period. This was most likely due to the same reasons as those found in the
GT-I Experiment II, as the emblings were kept in the same cold storage unit. It is unacceptable to lose
emblings at this magnitude after the most critical steps of embling production have been endured.
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Hence, controlling the storage conditions and applying chemical treatments against mold must not
be overlooked.

The genetic entry and early phases in the SE process, set limits for the later phases of the
production (see e.g., [20]). Our results show, that the final output, e.g., the yield and quality of
the emblings, together with the genetic diversity of the output of the SE process can be significantly
improved by developing the later phases of production.

When a maturation media with a lower ABA concentration was used, the embryo yield increased
to such an extent that transplanting germinated emblings in vitro straight into the nursery may be
considered the best growing method. This is in line with the findings of [23,45]. Clone testing can be
initiated significantly faster by using 12 emblings as cutting donors from each genotype, compared to
using seedlings as cutting donors (see e.g., [46]). To succeed, on average 16 cotyledonary embryos need
to be germinated for one-week in vitro and transplanted straight into a nursery for each genotype,
with a 77% survival rate (Experiment II).

To initiate clone testing directly with emblings, 24 to 32 ramets per genotype are needed in the
Finnish spruce breeding programme [47]. To produce this number of emblings, an average of 32 to
42 cotyledonary embryos are needed, with an expected survival rate of 77% from Experiment II.
From the poorest family in Experiment III, 37 to 49 cotyledonary embryos are needed with an expected
survival rate of 77%.

From the current data, covering 12 families in Experiment III, 394 genotypes reached the embryo
production limit of 16 cotyledonary embryos from three maturation dishes (25% to 30% of estimated
explants, 27 genotypes in the poorest family) and 336 produced over 32 cotyledonary embryos from
three maturation dishes (21% to 26% of the estimated explants, 17 genotypes in poorest family).
The current results indicate that large-scale field testing can be initiated from cryostored ETs with
the current production protocol. Protocol includes short maturation on semisolid media containing
30 μM ABA, cold storing cotyledonary embryos on maturation dishes, and transplanting emblings
into a nursery after one-week in vitro germination.

5. Conclusions

Reducing the ABA concentration in the maturation media increased the yield of cotyledonary
embryos. When combined with state-of-the-art embryo storage and in vitro germination protocols,
emblings can be grown and large-scale field testing can be initiated with current nursery protocols
with material from a wide genetic background. Intensive planning, considering production in
the laboratory and in the nursery, is essential to achieve good results. Despite large variations in
embryo/embling production, genotypes with good production properties were found in all families
in this study. Furthermore, automation is needed to further increase the production numbers and
cost effectiveness, especially in the laboratory-nursery interface, where the embryos and emblings are
individually handled.
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Abstract: Cultural practices to develop larger, more robust oak seedlings have been developed,
however, the potential improvement conferred by these larger seedlings has received limited testing
in the Northeast. We evaluated the effect of seedling size and pedigree on the survival, growth,
and competitive ability of northern red oak (Quercus rubra L.) seedlings planted on a xeric site in
northeastern Pennsylvania. We planted seedlings from a state tree nursery that represented locally
available seedling stock, as well as high-quality seedlings from seven half-sibling families grown
following improved nursery protocol. Half-sibling families were split into three size classes based on
their root collar diameter and height; large, average, and poor. Eleven years after planting, survival
across seedling treatments ranged from 45 percent for locally available seedlings, to 96 percent for one
half-sibling family. Two families showed superior growth, survival, and competitive ability compared
with the others. Seedling size class conferred moderate height and diameter advantage in four and
three of the families, respectively. Initial seedling size was an important variable in models predicting
survival, diameter, and dominance (competitive ability). Over time, the relationship between initial
diameter and height diminished.

Keywords: northern red oak; Quercus; Quercus rubra; artificial regeneration; seedling quality

1. Introduction

Oak (Quercus spp. L.) is an important genus throughout much of the Northern Hemisphere,
though its abundance has declined in recent years, largely due to regeneration failures [1,2] caused
by changes to disturbance regimes [3,4], browsing by white tailed deer (Odocoileus virginianus
Zimmerman) [5], fire suppression [6,7] and interference from invasive plant species [8]. A robust field
of research focusing on silvicultural methods for increasing oak advance regeneration has developed
to address these declines, e.g., [9,10]. In the central Appalachians, shelterwood and midstory removal
treatments, prescribed fire, and control of interfering vegetation, often in tandem with control of
browsing, have been found to successfully encourage establishment of oak regeneration [11,12].

The presence of competitive oak seedlings, saplings and/or sprouts before a harvest is a critical
requirement for successful regeneration of oak post-treatment [13,14]. Where adequate advance
reproduction of oak is lacking, artificial regeneration can be a useful tool to meet stocking goals.
Establishment success of planted oak into forested stands, however, has been variable, with failures
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Forests 2018, 9, 351

caused by poor seedling quality [10], competition from fast growing species [4,15,16], moisture stress
associated with transplant shock [17], browsing by deer [18,19], and lack of genetically improved
planting stock [20].

The importance of seedling size to early survival and growth in northern red oak (Quercus rubra L.)
has been well studied [10,21–28]. Larger oak seedlings tend to have larger root systems, which provide
carbohydrates, water, and nutrients necessary to promote rapid growth, a key trait for competing
with fast-growing seedlings and sprouts [10,29]. Cultural practices to develop larger, more robust oak
seedlings have been developed [30], however, improvement conferred by these larger seedlings has
received limited testing, most occurring on mesic sites in the southeastern U.S. [24,31,32]. Early testing
(<8 years) suggests that using high-quality seedlings (sensu [30]) produced through advanced irrigation
and fertilization protocols yields improved growth and competitive ability of northern red oak when
planted in previously harvested stands [24,31,32]. However, the use of seedlings produced using
these protocols has not been tested in xeric stands in the Northeast. While oak is easier to naturally
regenerate on drier as compared with more productive sites, the presence of fast growing red maple
(Acer rubrum L.) and birch (Betula spp. L.) often limits successful oak recruitment on xeric sites [33].
High-quality seedlings may be able to compete with fast-growing advance reproduction on such sites,
offering a management alternative where oak regeneration is lacking. To test this, we compared the
survival, growth, and competitive ability among varying size classes and families of northern red oak
seedlings planted on a xeric site in northeastern Pennsylvania. Because there are a limited number of
studies using high-quality northern red oak seedlings that also include an assessment of family-origin
effects on establishment success [34], we also included a family treatment.

2. Materials and Methods

2.1. Experimental Material

Acorns from seven open-pollinated northern red oak mother trees, kept separate by pedigree, and
a bulked collection were used in this study. The acorns from the half-sibling families were harvested
from mother trees located in natural forest stands at the United States Military Academy Reservation,
West Point, NY, and proximal area in the fall of 2003. Mother trees were located at least 0.40 km apart to
avoid collecting closely related material. Acorns were sown in separate family seed lots in one nursery
bed at the Georgia Forestry Commission’s Flint River Nursery in Byromville, GA in December, 2003 at
a density of 65 seeds per m2. Families were not replicated within the nursery bed. Fertilization and
irrigation schedules followed guidelines developed by Kormanik and others [30] and were designed
to produce high-quality seedlings. The seedlings were grown without root-pruning or top-clipping
protocols. The one year (1–0) half-sibling seedlings were lifted in late January, 2005, transported to
Knoxville, TN, USA, and placed in cold storage (~1 ◦C). Total height and root collar diameter of
each seedling were measured, and an individual identification tag was attached to each seedling.
All half-sibling seedlings were visually sorted into three size classes within each family; small, average,
and large; according to height and root collar diameter (sensu [35]); (Tables 1 and 2). We used the
minimum root collar diameter (8–10 mm, [36]) recommended for northern red oak seedlings as the
standard for our average seedling size class. Acorns for the treatment representing locally available
seedlings were collected from multiple mother trees across the Ridge and Valley region of Pennsylvania
and planted at a density of approximately 190 acorns per m2 at the Penn Nursery in Spring Mills,
PA, USA. Seedlings were grown for one year and 1–0 bare-root seedlings were lifted in the spring of
2005 and kept in cold storage until they were transported to the study site for planting. These seedlings
are termed “locally available” throughout the paper, represent seedlings available to landowners and
forest managers in the Northeast at the time of the study, and are compared with the high-quality
seedlings produced using advanced nursery protocol (sensu [30]).
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Table 1. Mean height (± standard error) of families and seedling size classes within family at planting
and eleven years after planting. LA indicates locally available seedlings. Means among families for
family treatment and within family for size class (family) treatment with the same letters do not differ
statistically (α = 0.05).

Family
Family Height

at Planting
(cm)

Family Height
after 11 Years

(cm)

Size Class
within Family

Size Class
Height at

Planting (cm)

Size Class
Height after
11 Years (cm)

8 50 ± 2 C
406 ± 13 A Small 38 ± 4 C 401 ± 25 A

Average 51 ± 3 B 391 ± 18 A
Large 62 ± 3 A 426 ± 45 A

9 42 ± 1 E
322 ± 10 B Small 37 ± 2 B 302 ± 12 B

Average 44 ± 2 A 303 ± 13 B
Large 44 ± 3 A 360 ± 18 A

10 44 ± 1 DE
319 ± 10 BC Small 40 ± 2 B 282 ± 12 C

Average 43 ± 2 B 318 ± 14 B
Large 50 ± 2 A 358 ± 14 A

11 57 ± 1 B
320 ± 10 BC Small 48 ± 2 B 236 ± 16 C

Average 52 ± 2 B 329 ± 15 B
Large 72 ± 2 A 394 ± 13 A

12 44 ± 1 DE
306 ± 12 BC Small 36 ± 2 B 302 ± 17 A

Average 46 ± 2 A 289 ± 17 A
Large 50 ± 3 A 328 ± 17 A

14 46 ± 2 CD
295 ± 13 CD Small 39 ± 3 B 275 ± 20 B

Average 43 ± 2 B 212 ± 17 C
Large 56 ± 4 A 397 ± 22 A

16 64 ± 2 A
377 ± 14 A Small 45 ± 4 C 348 ± 25 A

Average 61 ± 3 B 408 ± 21 A
Large 87 ± 3 A 373 ± 21 A

LA 30 ± 1 F 232 ± 9 E LA 30 ± 1 232 ± 9
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2.2. Study Area

This study was established in April, 2005 on the Delaware State Forest in Blooming Grove, PA, USA
(41◦25′ N, 75◦03′ W, elevation 420 m). This area represents the glaciated low plateau section province of
northeastern Pennsylvania, and is dominated by oaks; primarily white oak (Quercus alba L.), northern
red oak and chestnut oak (Q. prinus L.); hickory (Carya spp. Nutt), white pine (Pinus strobus L.), pitch
pine (P. rigida Mill.), and red maple. The soils at the site are of the Manlius Series and are characterized
as strongly acidic, rocky-silt loam with low soil moisture retention. The stand was clearcut in 1975 as
part of a commercial harvest to regenerate oak and other economically desirable hardwood species.
Preferential browsing by overabundant white tailed deer inhibited hardwood seedling regeneration
and facilitated the establishment of a thick understory of sweet fern (Comptonia peregrina (L.) J.M.
Coult) and ericaceous shrubs (primarily Vaccinium spp. L.). An 8-hectare 2.4 m tall woven-wire deer
fence was erected on the site in 2005, prior to planting to protect the experimental material from deer
browsing. The fence was removed in 2014 once the majority of planted and naturally regenerating
seedlings had surpassed deer browse height. Aside from fencing, no other management measures
were implemented during the course of the study.

2.3. Experimental Design

Seedlings were planted in two replicate plots approximately 150 m apart. Within each plot,
seedlings were planted in an incomplete block design with four seedlings in each block: one small,
one average, and one large size class from ten possible families grown following Kormanik et al.’s
protocols [30] (therefore each block contained seedlings from multiple families), and one locally
available seedling. There were between 10 and 73 seedlings within each size class (family) treatment,
and 271 seedlings from the locally available treatment used in the study. The locally available seedlings
were included to compare seedlings available at state tree nurseries in the northeast with seedlings
grown under advanced nursery protocol designed specifically to yield high quality oak seedlings [30]
(the half-sibling seedlings). A total of 1067 seedlings were planted in a 2.4 m × 2.4 m grid on each of
the experimental sites between 12 and 13 April 2005. Three families with a total of 116 seedlings were
excluded from the analysis due to low replication across seedling size classes, therefore 951 seedlings
from seven families and one bulked seed lot (the locally available seedlings) were included in this
study. Seedlings were hand planted using a Jim Gem KBC© bar, modified by adding 5 cm to each side
of the 30 cm long blade, creating a blade 15 cm wide at the top, tapering to the tip.

2.4. Measurements

Height and root collar diameter of half-sibling seedlings were measured just after lifting.
Height and ground level diameter of the seedlings from the locally available seedlings were measured
directly following planting due to the timing of seedling availability. The term basal diameter (BD) is
used to describe these baseline diameter measurements throughout the rest of the paper. Basal diameter
measurements taken on unplanted bare-root seedlings may be larger than those taken on planted
seedlings [37], which in this study may have slightly inflated BD at planting for half-sibling seedlings.
Heights of all planted oaks were measured after bud set in 2005–2009, 2011, 2013, and 2015 and
diameter at breast height (DBH) was measured following bud set in 2015. All height measurements
were taken to the nearest centimeter and diameter measurements to the nearest tenth of a millimeter.

To characterize competing vegetation, a 2.6 m diameter competition plot was centered on each
planted oak seedling and species, height and diameter of the tallest woody competitor within each
plot was recorded in late 2015 [24,38]. This size plot was chosen because it approximates the space that
a dominant or co-dominant tree occupies at crown closure [39]. Presence of stem forking at or below
DBH was recorded in October, 2017.
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2.5. Statistical Analysis

All analyses for this study were processed using SAS 9.3 software (SAS Institute 2011, Cary, NC,
USA). Analysis of variance was used to detect differences among families and seedling size classes
within family for initial height and basal diameter. A repeated-measures, linear mixed-model analysis
of variance (LMM) with an autoregressive covariance structure was used to test the fixed effects
of family (the bulked seed lot used for the locally available seedlings is considered one family for
analysis), size class nested within family, year, and year interactions with family and size (family) on
total tree heights for each year (2005–2009, 2011, 2013 and 2015). LMM was also used to evaluate the
effects of family and size class within family on 2015 DBH. A DBH of ‘0’ was scored for seedlings
that were shorter than 1.37 m, the height at which DBH is taken. Stem forking at or below DBH
(presence/absence) (p < 0.0001) was used as a covariate. Generalized LMM with binomial distribution
was used to analyze 2015 survival (1 = alive, 0 = dead) and dominance probability of the seedlings.
Surviving seedlings that attained at least 80 percent of the height of the tallest competitor within
the competition plot were defined as dominant [21,23,24,40]. Data were checked for homogeneity
of variance and normality. Least-significant-difference tests were performed to identify differences
among means (α = 0.05).

Rank correlations were used to evaluate the relationship between initial basal diameter and height
each year it was measured, and correlation coefficients were squared to be expressed as R-square
values. Logistic regression (Proc Logistic) was used to develop models, as previously described by
Hosmer and Lemeshow [41], to study influences on eleventh-year (2015) survival and dominance
probabilities. Initial height and basal diameter, family and size class were used as explanatory variables,
as well as species of tallest competitor for dominance. Multiple regression was used to explain DBH
in 2015 using the same variables, as well as height and DBH of the tallest competing woody stem.
The log transformation of planted seedling height and DBH of the tallest competing woody stem were
used to linearize relationships, however, untransformed values are reported in the tables. The most
parsimonious model with the lowest corrected Akaike information criterion value was selected for
each dependent variable. The Hosmer–Lemeshow goodness-of-fit statistic was used to test that the
model adequately explained the data.

Height growth patterns over the length of the study were derived using quadratic regression for
each seedling. Negative, positive, and zero slopes created nine different growth patterns, three linear
patterns by three quadratic patterns. For example, a +Linear-Quadratic would indicate a seedling with
positive growth but decreasing growth rate over time. Contingency tables were then used to compare
the frequency of growth patterns across families and seedling size groups. To highlight differences,
groups were pooled when no differences were found.

3. Results

3.1. Seedling Grading

Seedling height and basal diameter at the time of planting differed among families (p < 0.0001 for
both, F = 72.58 and 29.51, respectively, Tables 1 and 2) and seedling size classes within family (p < 0.0001
for both, F = 16.12 and 25.39, respectively, Tables 1 and 2). Basal diameter at the time of planting
differed among each size class for all families. Height was generally greater in the large size class than
average or small for each family. The average size class was larger in height than the small size class in
four of the seven half-sibling families. The locally available seedlings were similar in basal diameter to
the small size class for all families and were shorter in height than small size class seedlings for all
families except one (8).

3.2. Survival

After eleven years, sixty-eight percent of the planted oak trees were alive, with significant
differences in survival among families (p < 0.0001, F = 8.10, Figure 1), but not among size classes
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within family (p = 0.1265, F = 1.71). Survival in 2015 ranged from forty-six percent for the locally
available seedlings to ninety-three percent for family 8 (Figure 1). The logistic regression model
that best explained 2015 survival included basal diameter at planting and family (Table 3, Figure 2).
The max re-scaled R-square (adjusted to reach a maximum value of 1) value for this model was
0.20. Across families, the larger the seedling was at planting, the greater probability that it survived.
A seedling that was 7.8 mm in BD at planting (the mean BD at planting) from family 8 had an 89 percent
chance of survival in 2015, compared with 52 percent for a seedling of the same size from the locally
available treatment (Figure 2). Two families (12 and 14) had survival rates similar to the locally available
seedlings, lower than all other families, with the greatest mortality occurring in year 2 (Figure 1).

Figure 1. Mean survival among families over the 11-year study. Letters indicate differences in eleventh
year survival (α = 0.05).

Figure 2. Regression model using family and basal diameter at planting to predict eleventh-year
survival. LA indicates locally available seedling treatment.
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Table 3. Coefficients and odds ratio values for regression models to predict survival (logistic regression),
diameter at breast height (DBH, mm, multiple linear regression), and dominance (logistic regression)
of the northern red oak trees eleven years after planting. The locally available seedling treatment (LA)
is the reference for the family treatment and planted northern red oak is the reference for species of
tallest competitor.

Survival DBH Dominance

Coeff. OR Coeff. Coeff. OR

Intercept −0.86 −2.02
Independent variables

Height at planting (cm) 0.32 ***
Basal diameter at planting (mm) planting 0.24 *** 1.27 0.05 1.31

DBH of tallest competitor (mm) 0.04 ***
Family

8 1.10 ** 7.59 12.16 **
9 0.47 * 4.05 5.63 *
10 0.45 * 3.98 6.43 **
11 0.21 3.12 1.41
12 −0.67 ** 1.29 6.61 *
14 −0.71 ** 1.41 2.70
16 0.07 2.71 6.36

LA (reference)
Species of tallest competitor

Black cherry −1.39 *** 0.16
Red maple −0.51 ** 0.38

Serviceberry 0.45 0.98
White oak 0.89 ** 1.53

Wild northern red oak 0.18 0.75
Other −0.09 0.58

Planted northern red oak (reference)

* p < 0.05, ** p < 0.01, *** p < 0.0001.

3.3. Growth

The repeated measures height LMM found significant differences among family (p < 0.0001,
F = 14.54, size class within family (p = 0.0009, F = 2.67), year (p < 0.0001, F = 120.81), family by year
interaction (p < 0.0001, F = 4.70), and size class (family) by year interaction (p < 0.0001, F = 2.08).
Families 8 and 16 had the greatest height over the course of the study (406 and 378 cm, respectively
after 11 years) and trees from the locally available treatment remained the shortest (232 cm, Table 1,
Figure 3). We present mean separation only for the height of families and size classes within family at
year eleven (Table 1), while all means are displayed in Figure 3. Nearly all size classes were larger in
height than seedlings in the locally available treatment after 11 years, except the small and average
size classes for one family each (11 and 14, respectively). Large size classes were taller after eleven
years than smaller and average size classes in four families, and two families had taller seedlings in
the average size class than the small size class. One family (14), exhibited taller seedlings in the small
size class than the average size classes.

Basal diameter at planting was positively related to height each year after planting (p < 0.0001 each
year). Squaring the Pearson correlation coefficients produced R-square values of 0.35, 0.28, 0.24, 0.16,
0.14, 0.09, 0.10, and 0.07, for years 2005–2009, 2011, 2013, and 2015, respectively, exhibiting a relationship
that diminished over time until, in year eleven, basal diameter at planting explained less than ten
percent of the variation in height.

After eleven years, DBH differed among families and among seedling size classes within family
(p < 0.0001, for each, F = 6.52 and F = 3.27, respectively, Table 2). There were no significant interactions
between stem fork and eleventh year DBH. The fork was included as a covariate in the LMM model
(p < 0.0001). Two families (8 and 16) were larger in DBH than the other families, while three families
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(9, 11 and 14) were similar to the locally available seedling treatment. Trees in the large size class were
larger than those in the average and small classes in three families (10, 11 and 14).

The final multiple linear regression model used to explain eleventh-year DBH included initial
height, DBH of the tallest competing woody stem, and family (Table 3). Larger DBH of competing
stems and larger initial height of the planted seedlings corresponded to greater DBH. On average, an
increase in 10 mm in initial height of a seedlings led to an increase of 3.2 cm in eleventh-year DBH.

Figure 3. Height among families for years 0–4 (a) and 5–11 (b). Years are separated into two graphs
to improve distinction among lines. Bars indicate standard error. LA indicates locally available
seedling treatment.

3.4. Growth Pattern

Seedling height growth was described by six equations developed to model growth patterns
over the eleven-year study from the nine possible combinations of positive, negative, or absent linear
and quadratic terms. Each equation was developed using a minimum of thirty-one trees (Figure 4).
PL-0Q (positive linear, no quadratic) and 0L-PQ (no linear, positive quadratic) growth patterns were
pooled because there were no differences in frequency of seedlings found in each and both indicated a
general positive growth trend over the length of the study. For the analysis evaluating distribution of
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families across the growth patterns, similar families were pooled, creating three family bins (Table 4).
Pooling reduced the model chi-square from 116.75 with 35 degrees of freedom to 87.79 with 12 degrees
of freedom (p < 0.0001 for each). Two families (12 and 14) were pooled with the locally available
seedling treatment, four families were pooled into another bin (families 9, 10, 11 and 16), while family
8 remained in its own bin (Table 4). Fifty-five percent of seedlings in family 8 exhibited the PL-PQ
growth pattern (steadily increasing growth rate); more than double the amount in the other two
bins. Substantially more seedlings in the bin with the locally available seedlings exhibited the 0L-0Q
(mortality or nominal growth) and NL-PQ growth patterns (top dieback, followed by re-sprouting),
compared with seedlings in the other bins. For evaluating distribution of seedling size classes across
growth patterns, small and average seedlings were similar and therefore pooled. Pooling these size
classes and PL-0Q and 0L-PQ growth patterns reduced the model chi-square from 69.23 with 15 degrees
of freedom to 56.95 with 8 degrees of freedom. There were significantly more seedlings from the locally
available treatment in the 0L-0Q and fewer seedlings in the PL-PQ growth patterns than the other
seedling size classes (Table 5).

Table 4. Frequency table showing growth patterns (depicted in Figure 4) displayed by families over
the eleven-year study. LA indicates locally available seedling treatment. Families were pooled when
their frequency across growth patterns did not differ, according to chi-square values. The percent of
seedlings per group and chi-square value of each cell are listed. The overall chi-square value of the
table is 87.79 (p < 0.0001) with twelve degrees of freedom.

Growth Pattern Family

8 9, 10, 11, 16 12, 14 and LA Total Seedlings (%)

0L-0Q Percent 4 9 19 13
Trees died or added little growth chi-square 3.50 4.19 * 9.25 *

NL-PQ Percent 8 28 34 29
Trees died back then grew chi-square 8.50 * 0.16 2.59

PL-NQ Percent 4 5 9 7
Trees grew then died or died back chi-square 0.70 1.11 2.30

PL-PQ Percent 55 23 10 19
Growth rate increased steadily over time chi-square 34.32 * 2.47 16.73 *

0L-PQ, PL-0Q (pooled) Percent 30 34 29 32
No initial growth chi-square 0.04 0.92 1.01

Asterisks (*) indicates the observed number within a cell differs significantly from expected.

Table 5. Frequency table showing growth patterns (depicted in Figure 4) displayed by seedling size
classes over the eleven-year study. LA indicates locally available seedling treatment. Small and average
seedling size classes did not differ in frequency across the growth patterns and therefore were pooled.
The percent of seedlings per group and chi-square value of each cell are listed. The overall chi-square
value of the table is 56.95 (p < 0.0001) with eight degrees of freedom.

Growth Pattern Seedling Size Class

Large Small and Average LA Total Seedlings (%)

0L-0Q Percent 6 11 24 13
Trees died or added little growth Chi-square 6.11 * 1.6 17.44 *

NL-PQ Percent 26 29 33 29
Trees died back then grew Chi-square 0.46 0.02 0.79

PL-NQ Percent 3 8 8 7
Trees grew and then died back Chi-square 4.5 * 0.6 0.77

PL-PQ Percent 27 22 7 19
Growth increased over time Chi-square 5.66 * 1.2 14.98 *

0L-PQ, PL-0Q (pooled) Percent 37 31 28 32
No initial growth Chi-square 1.86 0.08 0.81

Asterisks (*) indicates the observed number within a cell differs significantly from expected.
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0L-0Q 0L-PQ

NL-PQ PL-0Q

PL-NQ PL-PQ

(a) (b)

(c) (d)

(e) (f)

n = 106 n = 226

n = 237 n = 55

n = 31 n = 157
PL-PQ

Figure 4. Linear (L) and quadratic (Q) terms were fit into regression models predicting growth patterns
for each seedling. Each term was either not significant (0), or showed a positive (P) or negative (N)
trend. Each seedling is represented by a single line within one of six growth patterns. (a) neither the
linear nor quadratic terms were significant; seedlings grew nominally; (b) only the quadratic term was
significant; seedlings grew slowly and then more rapidly over time; (c) negative linear and positive
quadratic terms; seedlings experienced die-back before adding growth; (d) positive linear and no
quadratic terms; seedlings grew linearly; (e) positive linear and negative quadratic terms; seedlings
grew and then died-back; and (f) positive linear and quadratic terms; seedlings grew progressively
more rapidly over time.
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3.5. Dominance

Red maple was the tallest woody competitor in twenty-six percent of the competition plots.
Serviceberry (Amelanchier spp. Medik.) was the next most abundant tallest competing species
(19 percent of plots), followed by black cherry (Prunus serotina, Ehrh., 12 percent), planted northern red
oak (11 percent; competition plot diameters were greater than the planting spacing, therefore adjacent
planted seedlings were located in competition plots), white oak (9 percent), wild northern red oak
(7 percent), and other species (7 percent). Black cherry was the tallest competing species, on average,
with a mean height of 562 (±19) cm and 47.5 (±2.8) mm in DBH, compared to the average height of
321 (±6) cm and DBH of 26.5 (±0.5) mm for all planted northern red oak (Figure 5).

Figure 5. (a) Mean height of tallest woody stem found in competition plots, by species and mean
height of the planted northern red oak trees. “Planted NRO” includes only planted northern red oak
trees found in competition plots, while “All planted NRO” includes all planted northern red oak;
(b) Mean DBH of tallest woody stem found in competition plots, by species and mean DBH of all
planted northern red oak.
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Dominance differed among families (p = 0.0086, F = 2.83, Figure 6), but not among seedling size
classes (p = 0.1152, F = 1.48). Two half-sibling families, 8 and 16, had higher dominance than the
locally available seedlings, while five were similar (Figure 6). The logistic regression model that best
explained dominance included species of tallest competing woody stem and basal diameter at planting,
with larger seedlings having a greater chance of being dominant (Table 3, Figure 7). According to the
model, which had a max re-scaled R-square value of 0.18, an oak with a basal diameter of 7.8 mm at
planting (the mean basal diameter at planting) had a 22 percent dominance probability when black
cherry was the tallest competing species, compared with a 58 percent chance when a wild northern
red oak, 74 percent when a white oak, 41 percent when a red maple, 64 percent when a serviceberry,
and 52 percent when another species was the tallest competing stem in the competition plot (Figure 6).

Figure 6. Mean eleventh-year dominance probability (± standard error) among families. Letters indicate
significant differences (α = 0.05). LA indicates locally available seedling treatment.

Figure 7. Regression model using basal diameter at planting and species of tallest competing stem to
predict eleventh-year dominance probability. NRO stands for northern red oak.
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4. Discussion

4.1. Family

The results from this eleven year study demonstrate the potential variability in survival, growth,
and competitive ability among different northern red oak seed sources. One family (8) consistently
showed improved performance across eleventh-year survival, height, DBH, dominance, and growth
pattern. By 2015, family 8 was twenty-eight to forty-one percent larger in diameter and ten to thirty-four
percent taller on average than the other families (except family 16). Two families (12 and 14) were
similar in size to other families at the beginning of the study, but by year eleven, demonstrated
inferior growth, survival, and competitive ability. These results show that superior phenotypes
in the nursery may not be reflective of subsequent seedling performance, as Kriebel and others
have also found [42]. Variation in acorn size among families as well as microsite variation in the
nursery—either due to differences in soil or amounts of fertilization and irrigation—may have
contributed to initial size differences among families, as families were not replicated in the nursery.
Our results demonstrate the substantial variation in seedling performance among families and suggest
genetic gains may be achieved through selection of mother trees with desirable phenotypic traits, such
as faster juvenile growth. Genetic variation is essential for populations, in terms of adaptation to new
stresses such as disease and climate change [43,44], therefore we do not recommend planting seedlings
from only several parents. Rather, we do recommend identification of families that demonstrate
repeated superior field growth, survival, and competitive ability through the development of tree
improvement programs.

4.2. Seedling Quality

Size class within family differed in height and DBH for some families but did not affect dominance
or survival, according to logistic regression models. Size classes did show differences in growth pattern
over the eleven year study, with more locally available seedlings dying or adding little growth than
the high-quality seedlings. Most other studies that have evaluated the effect of seedling size class
on field performance have followed the seedlings for fewer than ten years [24,27,31,45], with the
exception of [28], which evaluated performance 17 years after planting. Clark et al. [24] visually graded
northern red oak seedlings into two categories and found, after seven years, that mean height and
diameter of seedlings in the larger size class were 40 cm and 3.8 mm greater than the small size class,
however there were no differences in survival. Ward et al. [45] graded bare-root northern red oak
seedlings into four size classes based on the number of first order lateral roots (FOLR), and reported
that after seven years, when protected from herbivory using tree shelters, seedlings in the largest
class (>8 FOLR) were 82 cm taller than seedlings in smaller size classes. Zaczek et al. [28] evaluated
10 and 17 year survival and height among twenty stock types, including 1–0 bareroot seedlings, which
were comparable in height and basal diameter to the locally available seedlings at planting in this
study, and 2–0 bareroot seedlings, comparable to the large size class of the high-quality seedlings
used in this study. Survival after 10 years was 44% for the 1–0 seedlings, similar to survival of the
locally available seedlings in our study, and 77% for the 2–0 seedlings. Height after 10 years did not
differ between the two stock types. None of these studies included a family treatment in their study;
Clark et al. [24] used northern red oak seedlings derived from a single mother tree, Ward et al. [45]
did not describe the origin of the seedlings used, and Zaczek [27,28] bulked seeds from four mother
trees. While importance of seedling size class to outplanting success in our study was variable, the
use of high-quality seedlings produced using improved nursery protocol as compared to seedlings
derived from the locally available treatment conferred substantial increases in survival and growth.
This suggests that improvements to seedling quality will improve success, but that planting only the
very largest seedlings may not impart the same benefits for all families.

While the differences among size classes was variable for the measured traits, seedling size was a
significant predictor of eleventh-year survival, DBH growth, and dominance probability. Initial basal
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diameter has consistently been found to be the most important predictor of future growth [25,46]
and dominance [15,23]. Most studies followed growth for only one to seven years in the field ([23,28]
are exceptions). Our study shows that over time, the relationship between initial diameter and
height gradually weakened, similar to what [28] found, presumably due to the effects of other
factors. The positive relationship between the DBH of the tallest competing stem and DBH of the
planted northern red oak, for example, suggests that variation in microsite was an important driver of
variation in growth. The importance of initial diameter to early height growth, however, should not be
overlooked, as early height growth is vital for seedlings to become established and grow above the
deer-browse line quickly.

At planting, seedlings from the locally available treatment were between thirty and fifty
percent shorter and fifteen and twenty-five percent smaller in diameter than each of the half-sibling
families grown under advanced nursery methods, likely due to differences in nursery protocols.
After eleven years, locally available seedlings were still shorter—between twenty-two and thirty-four
percent—versus the half-sibling families. They were similar in DBH to four of the seven families,
and inferior in dominance probability only to two families (8 and 16). Far more of these seedlings
died or grew slowly over the course of the study (24 percent), in comparison to seedlings in most
of the half-sibling families (<9 percent, Table 4). Few locally available seedlings were large enough
to measure DBH after eleven years. The number of families bulked into this seed lot is unknown,
therefore, we cannot speculate on the contribution of genetics to field performance. Inferior size at
planting undoubtedly played a major role in the poor survival and growth demonstrated by these
seedlings. This inferior size can be explained by differences in nursery protocol and conditions; higher
seed densities, shorter growing season, and different fertilization and irrigation regimes for the locally
available seedling treatment.

4.3. Competitive Ability

By the end of the study, 58 percent of living seedlings were dominant. This number is substantially
higher than what Morrissey and others [15] found for northern red oak seedlings planted in group
selection harvests in Indiana, where only 20 percent of the seedlings were dominant after five years.
Fast growing yellow poplar (Liriodendron tulipifera L.), a shade-intolerant species that commonly
suppresses oak regeneration [47] was the predominant competitor in that study. Clark and others [24]
found that 70 percent of planted northern red oak was dominant in shelterwood harvests after seven
years, however competition control in year five likely contributed to the high dominance probability,
as only 38 percent of the seedlings were dominant in year three. The xeric nature of our study site
likely contributed to the relatively high number of trees that were competitive after eleven years. In our
study, dominance was positively related to initial stem diameter, which is similar to what others have
found [15,23,24]. The species of the tallest competing stem was also a strong predictor of eleven-year
dominance, with black cherry posing the greatest challenge to planted oaks. For example, a tree 12 mm
in basal diameter at planting, among the larger used in this study, would only have a thirty three percent
chance of being dominant after eleven years when a black cherry was the tallest competitor (Figure 7).

4.4. Growth Patterns

We are not aware of any other study that has similarly modeled the individual growth of planted
oak growth seedlings over time. A quadratic regression analysis provided the best comprehensive
assessment of the eleven-year performance of the planted seedlings. While the LMM height analyses
showed how each treatment level, family, or seedling size class, grew over time on average, the
growth pattern analysis revealed a more nuanced assessment of growth, by showing the percentage
of seedlings within each size class or family that followed certain growth trajectories. For example,
far fewer seedlings from families 12 and 14 and the locally available seedling treatment showed a
sustained positive growth rate in height over time. Rather, many died, grew slowly, or grew and
then died back. However, the LMM analysis found no differences between these and three other
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families (9, 10 and 11). Likewise, fewer seedlings in the large size class experienced die-back after
establishment than those in the smaller size classes and from the locally available seedling treatment,
a trend the height LMM analysis was not able to detect. Particularly for multi-year datasets with
multiple seedling treatments, this technique provides a comprehensive, more interesting analysis than
simply evaluating mean size and survival.

5. Conclusions

This study demonstrates the importance of nursery practices and seedling quality to the survival,
growth, and competitive ability of northern red oak seedlings planted on a xeric site. After eleven years,
the high quality seedlings were taller than the lower quality locally available seedlings. Some families
had larger DBH than seedlings from the locally available seedlings, which represented nursery
seedlings used for outplantings in the Northeastern U.S. Seedlings in the large size class maintained
their size advantage in some, but not all families, demonstrating the variation in growth among
families. Overall success by using high-quality seedlings is substantial. While importance of initial
size to height diminished over time, it remained an important predictor of eleven-year survival, DBH
growth, and dominance. The differences among the half-sibling families show that pedigree can
also influence success. The use of quadratic equations to model individual tree growth identified
patterns of growth that may be characteristic of families or seedling size, enabling better choice of
planting material.
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Abstract: In Fennoscandia, mechanized tree planting is time-efficient and produces high-quality
regeneration. However, because of low cost-efficiency, the mechanization of Fennoscandian tree
planting has been struggling. To determine key factors for its future growth, we compared
the operational, planning, logistical, and organizational characteristics of mechanized planting
in Sweden and Finland. Through interviews with planting machine contractors and client company
foresters, we establish that mechanized tree planting in Sweden and Finland presently shares
more similarities than differences. Some notable differences include typically longer planting
seasons in Sweden, and a tendency towards two-shift operation and less frequent worksite
pre-inspection by contractors in Finland. Because of similar challenges, mechanized planting in both
countries can improve cost-efficiency through education of involved foresters, flexible information
systems, efficient seedling logistics, and continued technical development of planting machines.
By striving to have multiple client companies, contractors can reduce their operating radii and
increase their machine utilization rates. Above all, our results provide international readers with
unprecedented detailed and comprehensive figures and characteristics of Swedish and Finnish
mechanized tree-planting activities. We conclude that cooperation between Sweden’s and Finland’s
forest industries and research institutes could enhance the mechanization level of Fennoscandian
tree planting.

Keywords: tree planting machine; contractor; mechanization; reforestation; silviculture;
forestry; Fennoscandia

1. Introduction

Despite much effort over the last 50 years, tree planting in Fennoscandia has not successfully been
mechanized on a large scale [1–3]. Mechanized tree planting has been shown to be time efficient [4],
so the machines can potentially alleviate future labor shortages. In addition, because planting trees
mechanically with today’s machines produces high-quality regeneration (often with better quality
than when trees are planted manually [2,5,6]), foresters in both Sweden and Finland are keen on this
option, rather than the standard option of manual planting [7,8].

The prevalence of mechanized tree planting is quite low in both countries. In Sweden, the proportion
of mechanically planted seedlings historically peaked at circa 12% during the late 1990s [9] with the highly
productive, continuously advancing Silva Nova [10], but fell to <1% during the mid-2000s and has stayed
there since [2]. In Finland, this figure is considered to be <5% [8], despite plenty of research and
development work to promote mechanized planting. The proportion of mechanized planting in Finland
has, in fact, stagnated or even slightly decreased over the last few years [11].
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Previous research has highlighted some general reasons why the growth of mechanized tree
planting in Fennoscandia is struggling. The main reason for this struggle has primarily been
poor contractor profitability leading to reduced interest among contractors [2,3]. Poor profitability
is a consequence of mechanized tree planting’s relatively low cost-competitiveness, compared to
manual tree planting. Cost-competitiveness is low, despite there being a relatively strong demand
for mechanically planted trees in both countries [2,4]. Even though the time consumption of
mechanized planting is lower compared to separate (spot) mounding followed by manual planting,
the cost-efficiency has still been poor compared to manual methods [4]. Cost-efficiency is hampered by
low productivity, which originates from operator inexperience, among other reasons [12]. The choice
of worksites also strongly influences productivity, and it has been reported that the presence of
stones, slash, and stumps decreases the planting machines’ productivity [13–17]. The size and spatial
distribution of worksites also affects cost-competitiveness [18]. The proportion of time spent relocating
the machine decreases as worksite size increases, and the cost and time consumption of relocating
increases as the distance between worksites increases [4,10].

Machine Utilization (MU) has a strong impact on contractor profitability, and MU is often
comparatively low for planting machines [12]. In turn, factors like workplace organization and seedlings
logistics have a strong impact on the planting machines’ MU [10,19,20]. The theoretical MU of Finnish
planting machines has been estimated to be potentially as high as 90% [21]. However, high MU rates can
also potentially cause disadvantages, such as poorer worksite conditions and greater relocation distances.

The client for mechanized planting in Finland is usually a forest company, a local forest owners
association (FOA), or a non-industrial private forest owner [8]. A client can be regarded as a service
provider, and foresters working for a forest company/FOA are responsible for organizing mechanized
planting activities (for example selecting the worksite), while the planting machine contractor is
responsible for performing the actual planting work. Non-industrial private forest owners usually
buy a planting service from a forest company/FOA rather than directly contract the planting machine
contractor themselves. In Sweden, the clients are almost always forest companies; although sometimes,
especially in connection to shutdown periods, such as July or winter, planting machines contractors can
work directly for non-industrial private forest owners without using a client company as a middleman.

It is the nurseries’ responsibility to grow seedlings for mechanized planting. The seedling types
used during mechanized planting are generally the same as those used during manual planting [6,22].
In Finland, spring-planted seedlings are usually freezer-stored and packed in cardboard boxes.
The summer-planted seedlings (since they are growing and need tending such as watering) are usually
packed in open plastic trays, while the autumn-planted seedling are either packed in cardboard boxes
or open plastic trays. In Sweden, from spring to autumn, each nursery sticks to only one seedling
packaging system [23], and nurseries in southern Sweden stop delivering seedlings in July until
the seedlings have hardened enough to withstand packing.

In Finland, mechanized tree planting is more common [3] and thus (despite using the same type of
equipment) could be suspected to be relatively more cost-efficient than in Sweden. Accordingly, there
might be factors like workplace organization, choice of worksites, and/or seedlings logistics that are
coordinated differently within the two countries. Thus, there is a need to analyze how mechanized
planting is organized in Sweden and Finland, and to compare and contrast their operational, planning,
logistical, and organizational characteristics. This analysis just might identify solutions in one country
that can help to increase the cost-competitiveness of mechanized tree planting in another.

The objectives of this study were to: (1) compare mechanized tree planting in Sweden and Finland;
(2) identify factors that can increase the cost-competitiveness of Swedish and Finnish mechanized
planting; (3) and determine key factors for the future growth of this reforestation tool in these two
countries. Because of the business arrangements used in Swedish and Finnish mechanized tree planting,
the data collection approach we used was to interview both contractors and client company foresters.
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2. Materials and Methods

The development of mechanized planting has been a hot topic both in Finland and in Sweden
over the last ten years [24]. Several studies have tried to establish the technical feasibility and
effectivity of present planting devices and a couple of dissertations has also been published lately [2,3].
As a continuation of these earlier research activities, we conceived the idea to compare the current
operational models for mechanized planting in Sweden and Finland.

A semi-structured thematic interview form based on previous studies was prepared for a field
visit to southern Sweden conducted in August 2017. During this study trip, the authors had
discussions/interviews with a planting machine contractor, with the forest company Södra’s foresters at
both the district, regional and company level, and with Södra’s nursery professionals. These discussions
provided the basic information of the current status of (as well as foresters’ attitudes towards) mechanized
planting in Sweden.

After the field study, four additional Swedish contractors were identified and interviewed
(three more in southern Sweden and one in northern Sweden) in autumn 2017. The contractors
were identified through contacts with Sweden’s major forest companies. In conjunction with these
semi-structured contractor interviews, additional semi-structured interviews were also held with those
foresters (who were responsible for each planting machine contract) at the district level.

In Finland, some of the corresponding information could be found from an interview study
conducted in 2014 [8]. This information was updated via a Metsäteho-maintained online catalogue of
Finnish mechanized tree-planting contractors [25], and two typical contractors were interviewed using
a semi-structured method during the winter of 2017–2018.

The interview questions were grouped into four categories. The first category concentrated
on the operational characteristics and covered questions on equipment, operator, and production.
The second category dealt with worksite characteristics like average size, selection criteria, selector,
pre-planting inspection, and relocation. The third category comprised characteristics of seedling
logistics, including number of planted seedlings, seedling packaging, seedling delivery method,
equipment, seedling storage, and tending. The fourth category concentrated on organizational
characteristics such as information systems and business arrangements.

The results are presented by showing the typical attributes (i.e., mode/mean for quantitative
data, or type for qualitative data) and their range (i.e., variation among the attributes) in both Sweden
and Finland. The range of the qualitative data provides an idea of the variation that exists among
the contractors. This range was necessary to identify differences in work methods and novel or
innovative solutions that may increase planting machine contractor profitability.

3. Results

3.1. Country Comparison

In general, mechanized tree planting was operationally quite similar in Sweden and Finland
(Table 1), although there were some particular exceptions. Most notably, only one brand of planting
device was used in Sweden (Bracke Planter), while three brands were used in Finland (Bracke Planter,
M-Planter and Risutec); the typical operator experience level was twice as high in Finland as in Sweden
(6 seasons vs. 3 seasons); the typical planting season was longer in Sweden than in Finland (7 months vs.
5 months); and two shifts were the norm in Finland, whereas one shift was typical in Sweden. The use
of the M-Planter device in Finland led to a higher maximum productivity over a shift (360 pl/PMh;
pl = seedlings; PMh = Productive Machine hour) compared to the maximum reported in Sweden with
the Bracke Planter (240 pl/PMh). Typically, operators had no forestry education, although some Swedish
operators had secondary forestry education and some Finnish operators had basic forestry education.
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Table 1. Operational characteristics of mechanized tree planting in 2017 in Sweden and Finland
(pl = seedlings; PMh = Productive Machine hour).

Category Characteristic Attribute
Sweden Finland

Typical Range Typical Range

Equipment Base machine Type Tracked
excavator

Tracked
excavator

Tracked
excavator

Tracked
excavator,
Wheeled
harvester

Mass (t) 20 16–22 16 14–22 *

Planting device Type Bracke
Planter Bracke Planter Bracke

Planter

Bracke Planter,
M-Planter,

Risutec

Seedling carousel
capacity (pl) 71 70–196 72 60–242

Number per
contractor 1 1 1 1–2

Operator
Experience level
(years/seasons)

Mechanized
planting 3 1–23 6 1–24

Other forestry
experience 20 4–40 32 3–52

Other excavator
work 2 0–20 3 0–20

Forestry education None
None, Forestry
secondary

school
None

None, Basic
forestry

education

Production Planting season Length (months) 7 2–8 5 3–6

Productivity
(pl/PMh)

Average over a
year 150 120–220 165 70–265

Maximum over
a shift 220 180–240 260 200–360

Target production Yearly (pl/year) 150,000 30,000–200,000 180,000 70,000–320,000

Shift-wise
(pl/shift) 1100 1000–1900 1200 1000–1800

Average shift Number per day 1 1–2 2 1–2

Number per
year 150 30–200 160 55–248

Length (PMh) 6.5 6–8 7 6–8

Non-planting
work

Proportion of
base machine’s

yearly PMh
20% 15–70% 38% 0–67%

* Data from 2015–2017.

Work sites, planning, and seedling logistics did not vary substantially between the countries either
(Tables 2 and 3). However, typical work sites were larger in Finland than Sweden (4.7 ha vs. 3.5 ha);
slash-harvested sites were typical in Finland while not in Sweden; contractors in Sweden always
pre-inspected the work sites while this habit was rare in Finland; hired truck and trailer was typical
when relocating in Sweden while contractor-owned truck and trailer was typical in Finland; relocations
were typically faster in Finland than Sweden (1.5 h vs. 2.5 h); seedling packaging in Finland also
sometimes entailed open plastic trays (during late-summer/early autumn planting); Swedish seedlings
were typically stored on planting machines in enclosed metal boxes while Finnish seedlings were
typically stored on covered racks.
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Table 2. Work site characteristics of mechanized tree planting in 2017 in Sweden and Finland
(pl = seedlings). Words enclosed by (brackets) in the ‘Range’ columns indicate that the circumstance
sometimes occurs.

Characteristic Attribute
Sweden Finland

Typical Range Typical Range

Average
size Area (ha) 3.5 2–6 4.7 2–10

Seedling
prescription (pl) 6500 5000–9000 8500 3600–18,000

Selection
criteria Requirement

Mesic to moist
sites; not

too stony/B.Q.
** <50%

Mesic to moist sites;
not too stony; slash

harvested; road closer
than 300 m to edge

of site

Mesic to moist
sites, low

stoniness/B.Q.**
<60%

Low to medium
stoniness

Preference
Slash

harvested;
site > 3 ha

Site > 1–3 ha
Slash

harvested;
site >4.5 ha

Slash and stumps
harvested;

site >1–10 ha

Selector of Sites Forester Contractor and/or
forester Forester Contractor

and/or forester

of Route plan Contractor Forester and/or
contractor Contractor

Contractor, or in
conjunction with

forester, or forester
only

Pre-planting
inspection

Frequency;
Assessor

Always; by
contractor

Always—when in new
area or involving new
foresters; by contractor

or operator

Rarely; by
contractor

Always when new
client company; by

forester or contractor

Relocation Method Hired truck &
trailer

Hired (own) truck or
tractor & trailer

Own truck &
trailer

Own(hired) truck or
tractor & trailer

Average distance
(km) 30 20–40 22 5–60

Maximum distance
from contractor

depot (km)
50 20–100 62 5–125

Average time
consumption (h) 2.5 2–3.5 1.5 1–3

** B.Q. = Boulder quota; see [26] for definition.

Table 3. Characteristics of seedling logistics for mechanized tree planting in 2017 in Sweden and Finland
(pl = seedlings). Words enclosed by (brackets) in the ‘Range’ columns indicate that the circumstance
sometimes occurs.

Characteristic Attribute
Sweden Finland

Typical Range Typical Range

Planted
seedling

Type (always
container-grown) Picea abies

Picea abies seedlings
(and cuttings), Pinus
sylvestris, Larix spp.

Picea abies,
Pinus sylvestris

Picea abies, Pinus
sylvestris, Betula

pendula

Average size
(stem length/root

plug volume)
30 cm/93 cm3 20–35 cm/50–120

cm3 25 cm/85 cm3 15–30 cm/50–115 cm3

Seedling
packaging Type Cardboard box Cardboard box

Cardboard box
and/or Open

plastic tray

Cardboard box
and/or Open plastic

tray

Capacity
(pl/unit) 165 80–500 130 80–250

Seedling
delivery Frequency Weekly From weekly to

twice per season Twice a month From every few days
to once per month
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Table 3. Cont.

Characteristic Attribute
Sweden Finland

Typical Range Typical Range

Waypoints
Nursery—contractor’s

depot—roadside
depot

Nursery—(contractor’s
depot)—roadside

depot

Nursery—
contractor’s

depot—
roadside depot

Nursery—client’s
depot or contractor’s

depot—roadside
depot

Deliverer

Nursery-contracted
courier to

contractor’s depot;
contractor to

roadside depot

Contractor or
Nursery-contracted

courier attends to the
whole delivery

Nursery-
contracted
courier to

contractor’s
depot

Nursery-contracted
courier to client’s
depot or roadside

depot

Contractor-
owned

equipment

Seedling storage
at contractor’s

depot
Cooler storage

Uncooled storage
hall or underground
cellar or purchased

(rented/shared)
cooler storage

Semi-cooled
storage

Uncooled storage
hall or underground
cellar or purchased

(rented/shared)
cooler storage

Secondary
seedling

transport ***

Covered pickup
truck

Covered pickup
truck or

covered(open) trailer

Covered
pickup truck

Van or trailer or
pickup truck

Storage on
planting
machine

Type
Enclosed metal box
on the side of the

crane pillar

(Ground-accessible)
enclosed metal box
on the side of the

crane pillar

Covered or
open rack on

the back of the
excavator

Covered or open
rack on the base

machine’s back side,
enclosed metal box
on the side of the

crane pillar

Capacity (pl) 1800 1100–3000 1800 1000–4000

Seedling
tending Activities Shading

Shading; watering;
unstacking or

moving (opening)
boxes

Shading

Shading; watering;
unstacking or

moving (opening)
boxes

Average time
consumption
(min/shift)

30 0–30 30 0–60

*** Transporting seedlings from contractor’s depot to roadside depot; c.f. definition in [19].

The typical information systems and business arrangements for mechanized tree planting were
also quite similarly organized between Sweden and Finland (Table 4). Indeed, in both countries,
work orders were typically to be delivered by the client company via an internet application minimum
2–2.5 months before planting. This application was also typically used to report the quality control
sampling (usually with a sampling frequency of circa two plots per ha). Piece-rate remuneration was
typical in both countries, although there was sometimes area-based payment in Finland.

Table 4. Organizational characteristics of mechanized tree planting in 2017 in Sweden and Finland
(pl = seedlings).

Category Characteristic Attribute
Sweden Finland

Typical Range Typical Range

Information
Systems

Work order
(instructions

and map)

Delivery
method

Internet
application

Visit to
landowner
or paper or

email or
Internet

application

Internet
application

Paper or email
or Internet
application

Delivery
deadline

2 months
before

arrival to
site

0.5–4
months
before

arrival to
site

2.5 months
before

arrival to site

0.5–5.5 months
before arrival

to site
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Table 4. Cont.

Category Characteristic Attribute
Sweden Finland

Typical Range Typical Range

Seedling
ordering Order method Manually

via forester

Manually
via forester,
Pre-season

clump
order

Manually
via forester

Straight from
nursery

via contractor
or forester,
Pre-season

clump order

Minimum
timespan from

order to
roadside depot

8 work
days

0–10 work
days 4 work days 0–7 work days

Quality control Reporting
method

Internet
application

None or
Paper

forms or
Email or
Internet

application

Internet
application

None or Paper
forms or Email

or Internet
application

Onsite sampling
frequency

Two 25 m2

sample
plots per

ha

One—three
25–50 m2

sample
plots

per ha

One 50 m2

sample plot per
500/1000 pl

planted

One—four
50 m2 sample
plots per ha,

Once per shift

Productivity
follow-up Recipient Contractor None,

Contractor Contractor
None,

Contractor or
Forester

Business
Arrangement

Between forest
company and

contractor
Remuneration Piece-rate

Hourly
compensation;
Piece-rate

Piece-rate

Area-based or
hourly

compensation;
Piece-rate

Number of
client forest
companies

1 1–4 1 1–3

Marketing
towards

landowners by
forest

companies

Method Field
demos

Field
demos;

Information
dissemination
to landowners

Field demos

Field demos;
Information

dissemination
to landowners

Frequency Annually Seasonally
to None Annually Seasonally

to Annually

3.2. Factors Leading to Cost-Competitive Mechanized Tree Planting

Based on the data in Tables 1–4, we identified 22 factors that lead to cost-competitive
mechanized planting (Figure 1). Cost-competitiveness offers room for contractors to become profitable,
and profitable contractors are necessary for the growth of mechanized tree planting in both countries.
The 22 factors can be broadly defined as factors that: concern seedlings and the planting result;
lower fixed costs; increase Machine Utilization (MU); decrease the negative consequences of relocating;
and increase productivity and/or work quality (via, e.g., better site selection).
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Figure 1. A conceptual framework showing the factors leading to cost-competitive mechanized tree
planting (MP) in both Sweden and Finland. The factors in the outer darker ring are those chiefly
shaped by the forest industry as a whole and by research institutes. The factors in the middle grey ring
are those influenced by the forest company and the nursery supplying the seedlings. The factors in
the inner white ring are those mainly affected by the planting machine contractor. The two encircled
factors (efficient seedling logistics and availability of skilled operators) are influenced by two or three
actors (contractor plus nursery, and contractor, forest company plus whole forest industry, respectively).
Modified from reference [27].

3.3. Key Factors for Future Growth of Mechanized Tree Planting

Factors that were judged to be key (i.e., the lowest-hanging fruit) for the future growth of
mechanized tree planting in both countries were as follows:

1. Education of foresters (to generate competent selectors of work sites, and acceptance of planting
machines as a reliable reforestation tool), information to landowners (to create a higher demand for
mechanized tree planting leading to a greater selection of suitable sites while reducing the working
radius and increasing autumn planting opportunities), and education of operators (to ensure they
know the best work methods leading to maximum productivity).

2. Flexible information systems that can help identify suitable planting sites, increase Machine
Utilization (MU) through easier administration and seedling ordering, and increase the accuracy
of follow-ups (e.g., using Risutec’s ASTA system [28] or something similar).
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3. Efficient logistics of suitable seedlings (which increases MU, and ensures high seedling vitality
and post-planting performance).

4. High-quality planting work (which ensures continued demand for mechanized tree planting
so that landowners receive added value as compensation for the machines’ present-day higher
planting costs vs. manual planting).

5. Contractors having several client forest companies as this arrangement supports efficient route
planning, spreads risk and helps contractors leverage themselves against the (often so) larger forest
companies, and reduces the working radius (which leads to, e.g., shorter commutes for the operator).

6. Continued technical development of planting machines (so as to ensure higher quality plantings,
higher machine productivity, and/or lower costs in the future).

4. Discussion

According to our findings, mechanized tree planting in Sweden and Finland presently share more
similarities than differences. Nonetheless, some Finnish contractors had two planting machines, while all
Swedish contractors had only one. Also, Finnish contractors more often had two client companies and
operated in two shifts per day, while Swedish contractors typically only had one client company and
operated in a single shift per day. Still, annual use [29,30] (or more specifically Capacity Utilization [31]
or Total Utilization [12]) of the Swedish planting machines was typically almost the same as the Finnish
machines (in terms of average number of shifts per year: 150 vs. 160; Table 1) because of southern
Sweden’s longer planting season (typically 7 months vs. 5 months; Table 1).

In comparison to those of Fennoscandian harvesting contractors, our identified key factors share
some similarities, like the need for route efficiency [32] and for contractors to find ways to leverage
themselves against the larger client forest companies [33]. Our key factors “High quality planting work”
and “Education of operators” have previously been identified by Laine et al. [8] as critical success
factors for Finnish mechanized tree-planting contractors. Meanwhile, Mäkinen [34] concluded that for
Finnish harvesting contractors, having only one client was a success factor. This is contrary to our key
factor “Contractors having several client forest companies”, but the harvesting contractors in Mäkinen’s
study worked year around and were reported to have Capacity Utilization rates up to 99%. Planting
machines, in Finland especially, cannot work year around, and tend to have one-third as high Capacity
Utilization rates [12]. Thus, during the short Fennoscandian planting seasons, efficient route planning
and small operating radii (the latter which multiple clients can give rise to) become comparatively more
important for planting machines if they are to secure enough productive hours to pay for their capital costs.

Swedish contractors always pre-inspected work sites, while Finnish contractors rarely did
(Table 2). If the contractor is also the sole operator (as was the case for 3 of 5 Swedish contractors),
contractor pre-inspection reduces the planting machines’ number of productive machine hours
(or at least their Machine Utilization rates), which is detrimental to their cost-efficiency. The lesser need
for pre-inspection by Finnish contractors is probably a result of the Finnish foresters’ comparatively
greater experience in selecting sites suitable for mechanized planting (mechanized planting being at
least five times more common in Finland than in Sweden).

In Finland, land-owning forest companies like UPM have embraced mechanized tree planting [3].
In Sweden, mechanized planting is demanded by non-industrial private forest owners but not by
land-owning forest companies. This difference in acceptance might explain why Swedish contractors
typically only had one client company, while Finnish contractors more often had two.

Efficient seedling logistics increases machine uptime, which is in turn a prerequisite for profitable
mechanized tree planting [35]. Efficient seedling logistics requires cooperation between the forest
company and contractor (Figure 1), but the terms of cooperation might be wholly dictated by
the (generally) larger forest company (cf. Reference [36]), leading to contractor frustration and poor
motivation. Nevertheless, simply understanding that efficient seedling logistics is also a responsibility
of the forest company might lead to greater efforts by the forest company [18].
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Similar to all mechanized forestry work [37,38], the operator’s skill level has a profound effect
on planting machine productivity [12,14]. Thus, profitable mechanized tree planting requires access
to skilled operators. However, the onus of training operators to become skilled cannot be strictly
delegated to the contractors (Figure 1). Instead, this responsibility must also be shared with the whole
forest industry, as is done with the training of Fennoscandian harvester and forwarder operators [39,40].
Individual client forest companies can also help expand the pool of available, skilled operators by
budgeting for competitive wages during pricing negotiations with the contractors.

Being a study based on interviews, some of the time-consumption figures are anecdotal and thus
potentially erroneous. However, the figures were provided by the contractors themselves, so any errors
are probably small. Moreover, figures for key characteristics like worksites and seedling logistics were
double-checked with client company foresters.

We identified key factors for intermittently advancing planting machines, but they are probably
relevant as well for continuously advancing planting machines. Because of their higher productivities,
continuously advancing planting machines will most likely become dominant in the future in
Fennoscandia (despite the prevalence of moraine/glacial till soils in the region) [2,3,21,41].

The cost-competitiveness of mechanized tree planting is certainly reliant on the cost-efficiency
of the alternatives, specifically manual tree planting following mechanical site preparation [18].
However, further technical development of Fennoscandian manual tree planting has been judged to be
poor [10], and the future supply of labor for manual planting is predicted to shrink [21], so significant cost
decrease of the alternatives is unlikely. Additionally, any technical development regarding mechanical
site preparation can potentially be transferred to planting machines as well [42].

Our identified key factors pave the way for future studies and development. For example, there is
the need in both countries for decision support tools to select sites (based on rockiness/stoniness,
etc.) and for tools to simplify quality management (e.g., follow-up planting using systems similar
to ASTA). Such tools deserve to be developed and further studied. Considering the amount of time
spent by contractors on seedling handling/tending (Table 3) and reloading [35], present-day seedling
production and delivery methods are not good enough for today’s intermittently advancing machines,
and definitely not for future continuously advancing machines [43]. Thus, there is continued need for
development of machine-specific seedlings and seedling packaging systems. Likewise is the need for
continued technical development to increase the machines’ productivity.

5. Conclusions

According to our observations, there are several well-known factors like the low Capacity Utilization
and productivity of today’s planting devices, which prevent the cost-competitiveness and growth of
the Fennoscandian mechanized tree planting business. But there are also some factors that cannot be
addressed by one counterpart alone. The availability of skilled operators and efficient seedling logistics
are two such bottlenecks, which must be solved cooperatively.

In both countries, a large-scale breakthrough of mechanized planting is still waiting to happen.
Neither in Finland nor in Sweden was mechanized planting on a routine-level similar to other forestry
contracting. Indeed, there are many operational processes, which can be considered to be in their
developmental infancy. This includes the process of choosing the work sites for mechanized planting,
as well as the process of delivering seedlings throughout the whole planting season. Because mechanized
planting in Sweden and Finland share many similar challenges, cooperation between the countries’ forest
industries and research institutes is both desirable and needed, if tree planting is to become mechanized
in Fennoscandia.
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